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Experimental protocols for and studies of
the effects of surface passivation and
water isotopes on the gliding speed of
microtubules propelled by kinesin-1
Roger Andrew Maloney
B.S., Physics, The University of Texas at Austin
M.S., Physics, The University of New Mexico
Ph.D., Physics, The University of New Mexico
Abstract
This dissertation explores how the kinesin-1 and microtubule system is affected by
surface passivation and water isotopes. Surface passivation was found to affect the
gliding speed that microtubules exhibit in the gliding motility assay and the lengths
of microtubules supported by the passivation. It was also found that gliding speeds
of microtubules are very sensitive to temperature changes. Studies changing the
water isotope were a first attempt to investigate if changing the solvent changed the
osmotic pressure of the solution kinesin and microtubules were in. No osmotic pressure
changes were observed, however, the experiments using different isotopes of water did
illuminate the possibility that kinesin may be sensitive to viscosity changes in the
solvent. This experiment also suggests further experiments that can be specifically
designed to probe osmotic pressure changes.
This thesis was also the first thesis ever, to the best of the author’s knowledge, to
be done in a completely open format. All information and notebook entries that are
related to it, as well as the thesis itself, can be found on the website OpenWetWare.
The thesis can also be found there including all the different versions that went into
its editing. The philosophy and process of making data open and accessible to every
one is also discussed.
vii
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Preface
Experiments require certain tools in order for them to work. These tools can be
chemicals, proteins, equipment, and/or
procedures. Chemicals and proteins can
easily be thought of as tools since they
are nothing more than the ingredients for
an experiment, much like flour and eggs
are ingredients for a cake. I believe that
equipment are tools just like chemicals
and proteins. It does not matter if the
equipment is an oven to bake a cake in
or, a 2 W infrared laser used in an optical tweezers: they are both things used
to make something.

Figure 1: Image of the birthday cake my
wife made me for my 30th birthday.

My definition of a tool can even be
extended to include procedures. In science, much like in baking, we can follow recipes
to produce either proteins or the carrot cake found in Figure 1. The end product of
the baking or procedure to produce a protein is what I consider to be the platform
where scientists or bakers can begin to become creative. As popular TV chefs of this
era who decorate cakes will understand, the cake can be thought of as the tool or

xv

rather, a vehicle, for creative arts. I should state, however, that I’m not belittling the
mastery of baking because it is tough and not everyone can follow a recipe properly.
Just like the preparation of a cake can be the platform for an artist to create a piece
of art, so too is the preparation of an experiment the platform for a scientist to be
creative while investigating nature.
I feel that the preparation of experiments in a reproducible manner should be
paramount to experimentalists. Paying close attention to the design and preparation
of an experiment allows the researcher to prepare the tools consistently. If the tools are
produced the same every time, then the scientist has the leisure of not having to worry
about an outcome changing simply because the time of day changes or other black box
scenarios. The same thing applies to the baker, without the consistency of the cake
recipe and ingredients, customers are not guaranteed a tasty cake on Wednesday as
opposed to Thursday. Careful planning of experiments is good, however, sometimes
the sweet success of doing something aspartame-esque in the lab is also a good thing.
So, my stringent belief that experiments should be conducted in a precise manner
does not hold all the time. However, for the gliding motility assay discussed in this
dissertation to work properly, I have found it necessary to acquire a certain level of
strictness in its preparation.
This thesis is written in a very conversational tone. I feel that being able to express
highly technical details in a colloquial manner aids the reader in understanding what
I have done and how I prepared things for the experiments. I encourage the reader
to not dismiss the science that is being conducted in the thesis due to the tone of the
writing.
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Chapter 1
Introduction
Kinesin-1, hereafter called kinesin, and
microtubules are cellular components
that are vital for life. Kinesin is a motor
protein that shuttles cargo from one area
of a cell to another. It does so by traveling along microtubules. Microtubules

Figure 1.1: Graphical depiction of a gliding
can be thought of as roads designed to motility assay. The yellow blobs are casein,
the green figures are kinesin and the orange
allow motor proteins to undergo active cylinder is a microtubule. The drawing is not
to scale.

transport in a cell.

This chapter will discuss what a kinesin molecule is and why we study it. It
introduces what microtubules are, and what they are made up of. Chapter 2, also
discusses how to design and implement a gliding motility assay in order to investigate
the kinesin and microtubule system. Gliding motility assays can be thought of as
microtubule crowd surfing on a layer of kinesin, see Figure 1.1. Figure 1.1 also
depicts generally how kinesin is supported by the passivation layer of casein. Chapter
3 discusses observations that indicate that the kinesin and microtubule system is
affected by the type of passivation used. Chapter 3 also discusses the importance of

1

temperature stabilization and how without it, obtaining stable gliding speeds are not
achievable.
Figure 1.1 does not show the water molecules that are in the system when investigating the gliding motility assay. If the water molecules were depicted in this
picture, then you would not be able to see any of the proteins since there would be
a lot of water molecule obscuring the proteins. Water is an important component in
biomolecular interactions and plays a significant role in the microtubule and kinesin
system. Chapter 4 discusses the results of some experiments that involved changing
the isotope of water and measuring gliding motility speeds. It also discusses future
experimental work that will allow further investigation to the importance of water
interactions in the kinesin and microtubule experiment.
Finally, Chapter 5 discusses open science. This dissertation and all the notebook entries associated with its research was done openly and in the public domain.
This chapter discusses experiences with open science and some success stories from
participating in open science.

1.1

Kinesin

Kinesin is a dimeric motor protein that can be thought of as having four distinct
areas to the molecule, see Figure 1.2. Figure 1.2 is a cartoon of a kinesin molecule
and is also Koch Lab’s kinesin mascot called Kiney. The first major component to
the kinesin molecule are the motor domains also known as the “heads”. The motor
domains are depicted as Kiney’s feet. They are where chemical energy (in the form of
ATP) is converted to mechanical work through hydrolysis. This statement is a very
interesting one which is not fully understood and is a major area of study with the
kinesin molecule ([Cross 2000], [Coppin 1997], [Kikkawa 2001]).

2

Kinesin walks along a microtubule
([Carter 2006], [Vale 2000]) in much the
same way humans walk: we place one
foot in front of the other in order to take
a step. The difference between how we
walk and how kinesin manages to walk
along a microtubule is that we have a
brain that sends signals to our legs in
order for them to take a step. Kinesin
does not have a central processing center and thus needs a different method for
communication between the two motor Figure 1.2: Cartoon of a kinesin molecule.
This is our mascot known as Kiney. The

domains to signal steps. This commu- motor domains are depicted as Kiney’s feet.
The motor linker links the motor domains

nication comes from the linkage of the together. The stalk or coiled coil is depicted
two motor domains via the motor linker

as Kiney’s torso and the cargo binding
domains are depicted as Kiney’s eyebrows.

which is also known in the literature as
the “neck linker”. The motor linker can be thought of as a stretchy polymer of amino
acids that connects the motor domains to the common stalk. The stretchiness of the
polymer is a key component to how kinesin sends signals to each of the motor domains
([Guydosh 2006], [Yildiz 2008]). The trailing motor domain of a kinesin takes a step
by first docking the motor linker, see Figure 1.3. This docking results in strain along
the motor linker that is a signal for the leading motor domain that the trailing motor
is going to take a step. These steps are gated by nucleotide presence and nucleotide
states within the motor [Herskowitz 2010]. Along with each step is the exclusion of
water between the motor domain and the microtubule. This is discussed in greater
detail in Chapter 4.
Figure 1.2 shows the stalk or coiled-coil region of kinesin as Kiney’s torso. This is
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Figure 1.3: Cartoon of Kiney taking a step. When a motor domain takes a step, the
motor linker docks to the motor domain. Steps are governed by nucleotide states in the
motor domain and are depicted as a different coloring in Kiney’s shoes. For a thorough
discussion of how kinesin steps, see [Herskowitz 2010].

where the two protein chains of kinesin coil around each other and terminate in the
cargo binding domain depicted as Kiney’s eyebrows. Kinesin is a motor protein that
transports cellular cargo ([Duncan 2006], [Muresan 2000], [Nakata 2003]). It travels
along microtubules in one direction taking 8 nm steps [Svoboda 1993] using one ATP
molecule per step [Coy 1999]. Kinesin actively transports cargo from one area of the
cell to another and can do so by traveling along the microtubule at about 1 µm/s
[Herskowitz 2010]. This is essential for cellular function. For instance, sciatic nerves
can be nearly a meter long. All components generated in cells are done in their
nucleus. If diffusion was the only form of transportation for these items, it would
take thousands of years for proteins made in the nucleus to be transported to the end
of the nerve a meter away. If kinesin were to transport the same items, it would take
about 2 weeks.
If the kinesin microtubule system is affected by mutations in kinesin, then this
can lead to a variety of diseases ([Goldstein 2001], [Hurd 1996], [Goshima 2003]).
One such disease causes loss of motor function due to accumulation of cellular cargo
transported by kinesin which is lethal. Other mutations that affect humans include Alzheimer’s disease [Stokin 2005].

Also, the kinesin and microtubule sys-

tem has been suggested to be used as components in microdevices. Some work
has been done to incorporate kinesin and microtubules in devices ([Moorjani 2003],
[van den Heuvel 2005], [Korten 2008]).
There are several types of kinesin molecules as well as many different types of motor proteins [Sack 1999]. This thesis attempts to illuminate experimental procedures
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necessary in order to obtain good signal to noise data to enable investigations of the
kinesin and microtubule system.

1.2

Microtubules

Microtubules are one type of “road” produced in cells that kinesin and other motor proteins walk on [Kis 2002]. They
are polymers made up of subunits called
tubulin.

Tubulin in turn is made up

of two different proteins called α-tubulin Figure 1.4: Cartoon of a microtubule.
α-tubulin and β-tubulin form the tubulin

and β-tubulin. α-tubulin and β-tubulin subunit of a microtubule (red+green balls).
Tubulin will oligomerize into a microtubule
creating protofilaments, the orange section of
subunit via a GTP molecule. The bond balls. Microtubules are made up of 13
protofilaments, are hollow and are about 25
between α-tubulin and β-tubulin is fairly nm in diameter.

combine together to form a single tubulin

robust [Desai 1997].
A very interesting thing about microtubules is that they are ”polarized” with
a ”plus” and a ”minus” end. These definitions do not refer to the charge of the
microtubule. What this terminology is referring to is how a microtubule polymerizes.
Free tubulin heterodimers will oligomerize into small segments of a protofilament such
that the subunits of tubulin line up in a regular fashion, i.e. (α-β)-(α-β)-(α-β)- etc.
This is done through GTP hydrolysis. These oligomers will then polymerize into
a microtubule [Mozziconacci 2008]. The regularity of how tubulin stacks together
“polarizes” the microtubule with an end that polymerizes quickly (the plus end, beta
tubulin end) and an end that polymerizes more slowly (the minus end, the alpha
tubulin end). This polarization definition is important because kinesin “walks” along
the microtubule from the minus to plus end and takes steps on the β-tubulin subunit.
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The bond between tubulin subunits is not as strong as the bond between the α
and β-tubulin subunits. This allows the microtubule to undergo depolymerization
when the cell needs to reduce the length of a microtubule. In order to prevent
depolymerization, a chemical called Taxol was used to stabilize the tubulin-tubulin
interactions ([Nogales 1995], [Salmon 1984]). A brief description of Taxol is given in
Chapter 2.
Microtubules are hollow and have an outer diameter of about 25 nm and an inner
diameter of 15 nm [Mozziconacci 2008]. One thing to note about Figure 1.4 is that
all the protofilaments in the microtubule are lined up in nice neat rows. This is not
the case in nature nor is it the case when microtubules are polymerized in a thermal
cycler. There does exist some helicity to the protofilaments and it turns out that
one can change the number of protofilaments, and thus the helicity, by changing the
chemicals that the tubulin is polymerized in. When cells polymerize microtubules,
they predominantly have 13 protofilaments. A protein produced in the cells called
doublecortin is used to regulate microtubules protofilaments [Moores 2004]. When
microtubules are polymerized in glycerol, studies have shown that the predominant
number of protofilaments is 14 [Ray 1993]. Microtubule protofilaments were not measured. These experiments show that microtubules can vary in length from 2 µm to
40 µm.
Without microtubules, kinesin would have no structure on which to perform active
transport. They are essential to cellular structure as well as for cellular replication
[Hyman 1987].

1.3

Gliding motility assay

The experimental procedure used in this dissertation is the gliding motility assay.
Figure 1.1 shows a basic depiction of what the gliding motility assay is. A glass
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substrate is first passivated with a protein called casein. Casein’s importance to the
gliding motility assay will be discussed in Chapter 3. For now, it is a layer of protein
on the glass that is necessary in order to make a gliding motility assay work. Kinesin,
the green entities, are then added to the assay. Kinesin orients itself on the casein
such that its motor domains are pointing into solution. The motor domains then
attach to a microtubule in solution and walk along it. This propels the microtubule
in solution and is similar to how crowd surfing looks. Microtubules motion was then
visualized through fluorescence.
In the above description, water was not explicitly mentioned. Water plays an
important role in biomolecular interactions and discussion of experiments are done
to understand how these interactions occur in this system in Chapter 4.

1.4

Conclusion

Kinesin and microtubules are essential for biological functions. Understanding the
mechanochemistry of how kinesin hydrolyzes ATP in order to do work is a broad
question. It requires the reproduction of consistent experimental tools in order to
obtain data that is of sufficient quality. In Chapter 2, the experimental procedures
required to produce consistent samples of kinesin and microtubules are discussed in
great detail. Producing consistent tools should be the most important thing to an
experimentalist.
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Chapter 2
Building the gliding motility assay
2.1

Introduction

A great number of tools are used in gliding motility assays. These tools come in
the form of chemicals, proteins, equipment, and procedures. As with any biological
experiment, there are numerous variables and any number of those variables can cause
problems in the experiment. By understanding the chemicals and proteins used and
observing previous failures, pinpointing where a problem exists that caused the assay
to go awry is relatively easy. Enough data has been collected to show how this assay
stops functioning properly.
In this chapter, various procedures used to make a gliding motility assay are
discussed. In the following chapters, changes to the assay are made in order to probe
different aspects of the kinesin and microtubule system.

2.2

Methods and materials

There are several chemicals used in the gliding motility assay. The fun part of these
experiments are when changes to the chemicals are made to try and fish out some
of the physics about the interactions of kinesin and microtubules. Before discussing
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changing chemicals, the procedures on how to make the basic buffer solution used for
nearly all experiments; the PEM buffer, is discussed. How to make the other buffers
and solutions necessary to run a basic gliding motility assay are discussed also.

2.2.1

The PEM buffer

PEM buffer overview
PEM, also known as BRB80, is the basic buffer used in all the gliding motility assays.
It was found that tubulin polymerized quite nicely in this buffer with maximum
effectiveness occurring at similar concentrations to what we use today. Olmsted and
Borisy [Olmsted 1975] showed that microtubules polymerized very well in a solution
that contained approximately 100 mM PIPES, 1 mM EGTA, and stoichiometric ratios
of MgCl2 to tubulin. Since microtubules polymerize so well in this buffer, it seems
only natural to keep it in everything. This is why PEM is used in this assay and why
all proteins are stored in this buffer.
Before discussing the recipe of PEM that was used for nearly all experiments, the
ingredients to the buffer will be discussed. A discussion of the chemicals, how they
are stored, and links to the exact products used in the subsequent experiments are
done below. PEM stands for:
• PIPES
• EGTA
• MgCl2
This terminology has been adopted as a mnemonic and, it goes well with the naming
convention of the other solutions necessary for the experiment. One of the difficulties with working with many different chemical solutions is agreeing on a common
language and a naming convention. Unfortunately there is no common naming con9

vention in the literature and as such, it can be difficult for a beginning researcher in
this field to understand what buffers a group uses.
PIPES is an acid and is the pH buffer used in PEM. It has a pKa of 6.76 which is
why PEM is pH-ed very close to this value. Unfortunately, there is no consensus in
the literature about which form of PIPES to use in PEM, i.e. K2 PIPES or Na2 PIPES.
Neither is there a consensus on whether to use sodium or potassium in solution or
why one may be better than the other. See for instance Ray et al. [Ray 1993] for
an example of a buffer pH-ed with KOH and Woehlke et al. [Woehlke 1997] for an
example using NaOH. After discussing this with, Dr. Koch, we chose to use the acid
form (no K+ or Na+ attached to it) of PIPES. Since this form of PIPES did not have
any sodium or potassium ions on it, we could actively choose which counter ion we
wanted in solution. NaOH is used in PEM. The stock chemical of PIPES is stored at
room temperature in the desiccator in its original bottle.
EGTA chelates both calcium and magnesium from solution and is also an acid.
EGTA has a higher affinity for calcium than it does for magnesium which is good since
for motility to work, magnesium must be in solution [Olmsted 1975]. EGTA might
be used in PEM because it may chelate calcium phosphate found in casein micelles.
Casein is used to passivate glass and is discussed in detail below. The chelation of
calcium phosphate breaks apart casein micelles and that breaking up of the micelles
may aid in surface passivation. In their book, Fox and McSweeney [Fox 1998a] state
that EDTA disintegrates casein micelles, however, they do not discuss EGTA disintegrating casein micelles. EDTA and EGTA are very similar compounds as both
are magnesium and calcium chelators. Holt et al. [Holt 1994] talks about the similarities of EDTA and EGTA which were used to investigate the ratio of calcium to
phosphate in milk. These two references suggest that EGTA will disintegrate casein
micelles similarly to how EDTA does it. EGTA may do a better job of breaking up
the micelles since EGTA has a higher affinity for calcium than EDTA does. EGTA
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is stored in the desiccator at room temperature in its original bottle.
Magnesium is essential for both the polymerization of microtubules [Olmsted 1975]
and for the motility of kinesin [Böhm 1997]. This is why magnesium chloride is
included in the PEM buffer. MgCl2 is purchased in solution at a concentration of
1 M in water. MgCl2 is extraordinarily hygroscopic. Since MgCl2 is in solution
already, it does not need to be stored in the desiccator and it can be stored at room
temperature in its original bottle.
Since the pH buffer PIPES and the divalent cation chelator EGTA are acid forms
of the chemicals, counter ions must be in solution in order for them to dissolve. As
previously discussed, those ions come from NaOH.
Getting the correct amount of NaOH for a solution of PEM was tricky at first,
however, the approximate amount to use is now known. Scientists typically will not
state how much of a pH-ing chemical is added to a buffer. It is known that changing the ionic strength of the motility assay does affect gliding speeds [Böhm 2000a].
NaOH comes in pellet form and should always be dessicated due to its hygroscopic nature. It is also a very strong base so care must be taken when handling it. When using
this chemical one must work quickly, otherwise it will pull water from the atmosphere
and throw off weight measurements.
Ultimately these chemicals, PIPES, EGTA, MgCl2 , and NaOH must be put into
an aqueous solution. We have a reverse osmosis deionizing water system that produces
very pure 18.2 MΩ-cm H2 O. Water is very important in the experiments. Discussion
of some properties of water and its isotopes are done in Chapter 4.

PEM buffer recipe & procedure
This PEM buffer is not unique and neither is it the standard buffer used for gliding
motility assays. See here for a few other labs’ “PEM” buffers.
A 10x concentrated version of the PEM buffer used in assays was prepared. This
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is done for two reasons; the first is when TSB is made, which is discussed below, and
second is because 10x PEM is used in another assay that contains H218 O water. Also,
a smaller volume of 10x PEM and store it more easily than can a 1x PEM solution.
The 10x PEM buffer contains the following concentrations of chemicals.
• 800 mM PIPES
• 10 mM EGTA
• 10 mM MgCl2
• ≈ 1.25 M NaOH
• 18.2 MΩ-cm H2 O
The procedure used to make this buffer is as follows:
1. Weigh out the appropriate amount of PIPES, EGTA, and NaOH to make a 25
mL solution. This comes out to:
• 6.0474 g PIPES
• 0.0951 g EGTA
• 250 µL MgCl2
• ≈ 1.2 g NaOH - The amount of NaOH was kept below the 1.25 M upper
limit. This prevents over shooting the amount of NaOH needed. If the
pH goal of 6.89 is over shot, this procedure is restarted since HCl is not
wanted in the buffer.
• All components are placed in a 50 mL centrifuge tube and vortexed with
just enough 18.2 MΩ-cm H2 O such that the chemicals will completely
dissolve. No more than 15 mL of water are placed in the tube at this step.
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2. Once all the chemicals are in solution, more 18.2 MΩ-cm H2 O is added to the
tube till the total volume is about 22 mL. The total amount of volume needed
(25 mL) is not added since pH-ing the buffer may be needed. Having less
than the total volume needed ensures that too much water is not added to the
solution thus diluting the chemicals.
3. Prepare a solution of 10 N NaOH, typically about 10 mL worth in 18.2 MΩ-cm
H2 O just in case pH-ing is needed.
4. Determine the pH of the solution. Add small amounts of the 10 N NaOH
prepared in the previous step if needed in order to reach the 6.89 pH. If this
value is overshot, the buffer is scrapped.
5. Once the correct pH is achieved, add the appropriate amount of water to reach
the 25 mL total volume mark.
6. The PEM solution is then syringe filtered using a 0.2 µm filter and aliquoted
into 1 mL screw top vials that are then labeled and stored in the 4◦ C fridge in
a convenient fridge box.

2.2.2

Surface passivation chemicals

Casein overview
In the gliding motility assay, motility is sustained by first passivating the glass microscope slides. Passivation is done to prevent kinesin’s motor domains from becoming
inactive when interacting with untreated glass. It is not understood how or why kinesin motor domains become inactive on untreated glass but they do. Passivation of
glass can be done with bovine serum albumin (BSA) ([Böhm 1997], [Böhm 2000a],
[Böhm 2000b]), bovine casein ([Ozeki 2009], [Woehlke 1997], [Moorjani 2003], [Hess 2001],
[Ray 1993]), a lot of kinesin [Verma 2008], or other chemical compositions [Howard 1989].
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Bovine casein is the surface blocker of choice by many experimenters mainly because
it works well at passivation and is inexpensive. 500 g of whole bovine casein costs
about $30 at the time of this writing. Typical assays will use 10 - 50 µg of casein
at a time. This means that the 500 g stock of bovine casein will outlast a graduate
student’s career and if stored properly, possibly a PI’s.
Casein is a globular protein that
does not have a known crystal structure
[Verma 2008], see Figure 2.1.

Bovine

casein is comprised of four major subgroups: αs1 , αs2 , β, and κ. Depending
on the mammal the caseins come from,
there exists different ratios of these globular constituents. For instance, bovine
casein contains αs1 + αs2 > β > κ and
human casein contains β > κ with only
trace amounts of αs1 casein ([Fiat 1989], Figure 2.1: Graphical representation of a

bovine casein micelle. Since whole casein is

[Fox 1998a]). Each species has a finely not crystallizable, this image may or may
not be accurate but it is one theory about

tuned milk for their neonates as casein how whole casein looks. Alpha and beta
casein form a globular “sub-micelle” complex
(yellow balls) that are stabilized by kappa
casein (black lines). The casein sequesters
phosphate and amino acids to them.
calcium phosphate from solution (red and
Figure 2.1 also shows a theory about blue markers).

is a vehicle in milk for delivering calcium

how the casein micelle looks, for a discussion of the other theories, see the review done by Phadungath [Phadungath 2005].
Since whole casein can not be crystallized, no one really knows for sure what the
micelle looks like inside. What this model suggests is that kappa casein is more than
likely on the outside of the micelle and is there to stabilize its overall size. Alpha and
beta caseins form complexes that are inside the micelle and help to sequester calcium
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phosphate.
How casein passivates glass surfaces in order to support kinesin for the gliding
motility assay is still not very well understood but, some work has been done to try and
understand it. Ozeki et al. showed that two layers of casein form on the glass surface
to help support kinesin for motility [Ozeki 2009]. Verma et al. [Verma 2008] showed
that the number of microtubules that landed on the kinesin surface was affected by the
casein passivation. Hancock and Howard also showed that the number of microtubules
that landed on the kinesin surface was dependent on the number of motor proteins
adhered to the glass slide [Hancock 1998]. A visual aid of how we think passivation
occurs can be found in Figure 2.2. Still, no one knows if kinesin adheres to the top
layer of the casein passivation or if it embeds itself into the passivation layer.

(Passivation movie.)

Figure 2.2: Click here to view the movie via YouTube. Click the movie to play, press P
to pause. Movie showing how passivation occurs and how a gliding motility assay works.
The orange globs are casein micelles, the blue and green items are kinesin and the large
green rod like object is a microtubule. No one knows if kinesin adheres to the casein
passivation or if it embeds itself into the passivation layer.

With all these studies showing how the kinesin and microtubule system can be
affected by the passivation substrate, one can assume that the system will be affected
by the individual components of bovine casein. This is discussed more in detail in
Chapter 3. For now, the outline of how to prepare a basic solution of whole casein in
PEM which is what most researchers use as the passivation chemical for conducting
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gliding motility assays.
Whole casein does not dissolve very easily without the addition of heat. Whole casein has little to no secondary structure and will not denature when heated [Fox 1998b]
moderately. This is why milk can be subjected to ultra high temperature (UHT) pasteurization with minimal ill effects. UHT heats milk above 135◦ C for very short
periods of time in order to kill bacteria. Low temperature pasteurization uses much
lower temperatures for much longer periods of time to obtain the same results.
The type of whole casein used in experiments comes from Sigma. A vitamin-free
version of whole casein was also used as a passivator. This casein was not able to
dissolve in PEM very easily and thus the “technical grade” whole casein from the link
above was used.

W-PEM recipe
When whole casein solutions are prepared, a condenser was used since heating up the solution will cause evaporation and the use of a condenser eliminates that problem, see Figure 2.3. If a
condenser was not used, then replacing
the water that evaporated back into the
flask would be required. This is cumber- Figure 2.3: Condenser unit attached to a
solution of whole casein being mixed and

some since one never really knows for cer- heated in PEM.
tain how much of the water evaporated.
Whole casein was prepared at a concentration 1.0 mg/mL in PEM. This solution
was called W-PEM to differentiate it from the other solutions of casein that are
prepared for other studies discussed in Chapter 3. To prepare W-PEM, the following
was done.
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1. Set up the condenser, stir/hot plate and a temperature probe.
2. Typically made 25 mL of W-PEM so 25 mg of whole casein was weighed out.
3. The whole casein was added to the flask and then 25 mL of PEM was added.
PEM was made from the 10x concentrated PEM stock solution by dilution.
4. The solution was stirred at the highest setting on the stir plate.
5. The hot plate was turned on to a medium low setting, 3.
6. The temperature of the solution was monitored with a temperature probe. Once
it reached between 60 - 80◦ C, the heat was turned off and it continued to stir.
The heating time was about 15 minutes. If there was casein left in solution after
the 15 minutes, it is kept on the hot plate on till no more visible precipitates of
whole casein were seen.
7. Let the hot plate cool back to room temperature while still stirring the W-PEM.
8. Once the hot plate was cool, the flask was removed from the condenser and
covered with Parafilm. There should be a foam on top of the solution. This
foam indicated that the casein had been dissolved.
9. The W-PEM was stored in the 4◦ C fridge over night to ensure that the foam
had incorporated itself back into solution.
10. After the foam had disappeared, it was aliquoted into convenient screw top vials
and stored at 4◦ C.
If the casein solutions are kept at 4◦ C, they will last for up to 6 months. Casein
solutions are not filtered. Not filtering it ensures that a 1.0 mg/mL solution of whole
casein was in PEM.
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2.2.3

Antifade

Antifade overview
A very common antifade system that consists of the following components was used.
• Glucose Oxidase (GOD).
• Catalase (CAT)
• β-mercaptoethanol (BME).
• D-glucose.
The antifade system was vital for observing a good gliding motility assay and was
used because it prolonged the observation time of fluorescent microtubules. Since
observation of microtubules was done with fluorescence, elongating the time it takes
before the microtubule fades was crucial for taking good data with a high signal to
noise ratio. There are other recipes for antifade systems that exist [Aitken 2008],
however, no assays were preformed with other antifade systems.
Glucose oxidase requires D-glucose in solution. GOD oxidizes D-glucose to gluconic
acid while using up oxygen in the solution. Photobleaching was caused from highly reactive
oxygen species. When GOD oxidizes D-glucose, it also produces hydrogen peroxide which
can damage the kinesin microtubule system. Catalase was added to the mix in order to
decompose the hydrogen peroxide. BME, β-mercaptoethanol, or 2-mercaptoethanol was
used to prevent blinking of the fluorophore and to quench triplet states ([Aitken 2008],
[Rasnik 2006]). Glucose oxidase and catalase should be stored in the -20◦ C freezer and
BME can be stored in the 4◦ C fridge all in their original containers.

Antifade components
The antifade chemicals are mixed in PEM and stored in the -80◦ C freezer. Below, the stock
solutions necessary to prepare the antifade cocktail are described as well as the recipe for
its preparation.
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PEM-GOD Weighing out the amount of glucose oxidase needed to prepare a stock
solution of PEM-GOD was difficult since a small quantity was needed. A 1000x more
concentrated solution was made since it was easier to weigh out at this concentration. The
1000x solution was diluted to a 100x solution for the antifade cocktail. 1000x PEM-GOD
contains:
• 20 mg/mL Glucose oxidase in PEM
1 mL of PEM-GOD was made at a time. This solution will keep for 6 months in the -80◦ C
freezer in a screw top vial.

PEM-CAT Again, weighing the amount of catalase needed was difficult. A 1000x concentrated solution of CAT in PEM was made and then diluted by a factor of 10 to obtain
the 100x solution needed for the cocktail recipe. 1000x PEM-CAT contains:
• 8 mg/mL Catalase in PEM
1 mL of PEM-CAT was made at a time. This solution will keep for 6 months in the -80◦ C
freezer in a screw top vial.

BME BME does not have to be diluted in PEM. It was used as is from the stock solution
purchased from Sigma.

PEM-Glu Along with the above two solutions, PEM-Glu was made. PEM-Glu was
nothing more than a 2M solution of D-glucose in PEM. A 1 mL solution of PEM-Glu was
made and aliquot into 20 µL aliquots and stored in the -80◦ C freezer. D-glucose should
be stored at room temperature in its original container. PEM-Glu was not added to the
antifade system aliquots, it was added to the motility solution before observations.

Antifade recipe
The recipe and procedure for the antifade system follows.
• More importantly than the exact volumes listed below is the ratio of the chemicals
used, i.e. PEM-GOD:PEM-CAT:BME is 2:2:1.
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1. 12 µL of 100x GOD was added to a microcentrifuge tube.
2. 12 µL of 100x CAT was added to the same microcentrifuge tube.
3. In the hood with the fan on, 6 µL of BME was added.
4. The solution is mixed
5. Aliquoted into 5 µL aliquots stored in microcentrifuge tubes.
Antifade solutions stay viable for only one week if stored in the -20◦ C freezer.

2.2.4

Tubulin

How to store tubulin and the various solutions necessary for microtubule polymerization
are discussed in this section. For a brief description of what tubulin and microtubules
are, please refer to the Introduction. Tubulin purification requires liquefying cow brains
[Shelanski 1973]. Instead of harvesting tubulin it was purchased from Cytoskeleton, Denver
Colorado. The lab has the following tubulins.
• un-labeled bovine tubulin
• rhodamine-labeled bovine tubulin
• fluorescein-labeled bovine tubulin
Tubulin from Cytoskeleton arrived lyophilized (flash frozen) in 1 mg, 20 µg, and 20 µg
aliquots respectively. Aliquots were stored in the -80◦ C freezer at all times upon arrival.
The gliding motility assays used rhodamine-labeled tubulin exclusively, as it gave a much
better signal to noise ratio than the fluorescein labeled tubulin.
Polymerization of tubulin was performed in a tubulin suspension buffer. As mentioned
above, one can change this buffer to polymerize microtubules with varying numbers of
protofilaments.

Tubulin Suspension Buffer (TSB) overview
The tubulin suspension buffer (TSB) used in the lab contains the following components.
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• 1.06x PEM
• MgCl2
• GTP
• 6% (v/v) Glycerol
The usage of 1.06x PEM was necessary since glycerol was added by volume to the TSB.
If 1.06x PEM was not used, then the addition of glycerol to TSB would dilute the PEM
buffer.
The lab has chosen to add an extra 1 mM MgCl2 in the TSB since EGTA chelates Mg2+
from solution. In order to ensure that polymerization occurs efficiently, we decided to add
an extra 1 mM MgCl2 to TSB in order to counteract the chelation of MgCl2 by EGTA.
GTP was necessary for efficient microtubule polymerization. It is highly toxic so care
must be taken when using this chemical.
Glycerol is extraordinarily viscous. The 1000 µL pipettor produced enough force to
overcome glycerol’s viscosity.
Glycerol was used to speed up microtubule polymerization [Keates 1980]. Other chemicals can be used in polymerization from DMSO to excess Taxol. These three polymerization
techniques result in three different types of microtubules being polymerized with the major
difference in the microtubules being the number of protofilaments [Ray 1993].

TSB components
1.06x PEM This was a dilution of 10x PEM in water. To make a total amount of 5 mL
of 1.06x PEM the following was done.
1. Add 4.47 mL of water to a centrifuge tube.
2. Add 530 µL of 10x PEM to the same centrifuge tube.
3. Vortex.
Any left over 1.06x PEM not used in the suspension of GTP or preparation of TSB was
discarded.
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MgCl2 The MgCl2 used for TSB was the same used in the PEM preparation. As before,
MgCl2 was stored at room temperature in its original container.

PEM-G PEM-G is 100 mM GTP in 1.06x PEM. To prepare the GTP in 1.06x PEM the
following was done.
1. 1.06x PEM
2. 191.14 µL 1.06x PEM was added directly to the GTP bottle.
3. Vortexed the solution and transfer to a screw top vial
4. Flash frozen and stored in the -80◦ C freezer.
The PEM-G solution will last for 6 months in the -80◦ C freezer.

Glycerol Glycerol can be stored at room temperature and in its original container.
TSB recipe
A 2 mL solution of TSB was prepared since the smallest amount of glycerol measurable was
100 µL. If stored properly in the -80◦ C freezer, TSB will last up to 6 months.
• 1858 µL 1.06x PEM.
• 6% (v/v) of glycerol which was 120 µL of the glycerol stock.
• 1 mM GTP which was 20 µL of the PEM-G stock.
• 2 µL MgCl2 from stock.
Once the TSB was prepared, aliquots of tubulin can be prepared for polymerization into
microtubules.

Un-labeled tubulin suspension
Un-labeled tubulin comes packed in vials containing 1 mg of tubulin. This tubulin was
suspended to a final concentration of 5 mg/mL in TSB in convenient aliquots.
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1. A vial of unlabeled tubulin was removed from the -80◦ C freezer and put it in the
e•IceBucket to defrost. If necessary, the vial was centrifuged to get all the tubulin to
settle at the bottom. Tubulin is very labile and may be destroyed during this step so
care was taken when spinning.
2. Add 200 µL of TSB. The solution was mixed by gently drawing the tubulin + TSB
mixture back into the pipettor and blowing it out again into the vial.
3. The tubulin in TSB was then aliquoted into 5 µL aliquots in 200 µL microcentrifuge
tubes, flash frozen in liquid nitrogen (LN2 ) and stored in the -80◦ C freezer.

Labeled tubulin suspension
Rhodamine-labeled tubulin and fluorescein labeled tubulin come packed in vials containing
20 µg of labeled tubulin. These tubulins were suspended to a final concentration of 5
mg/mL.
1. A vial of tubulin was removed from the -80◦ C freezer and put in the e•IceBucket to
defrost. If necessary, the vial was centrifuged to get all the tubulin to settle at the
bottom. Tubulin is very labile and may be destroyed during this step so care was
taken when spinning.
2. Add 4 µL of TSB. The solution was mixed by gently drawing the tubulin + TSB
mixture back into the pipettor and blowing it out again into the vial.
3. The tubulin was aliquoted into 2 µL aliquots in 200 µL microcentrifuge tubes, then
flash frozen in LN2 and then stored in the -80◦ C freezer.

29% Labeled tubulin suspension
Using 100% rhodamine-labeled tubulin in an experiment is not ideal due to its cost and the
possible interference of rhodamine molecules while kinesin is walking along microtubules.
29% rhodamine-labeled tubulin to 71% unlabeled tubulin was found to give a good signal
to noise ratio and the microtubules were tracked easily using the 100 W Hg lamp at 6%
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illumination. Both the unlabeled and labeled tubulin are now in convenient aliquots at the
same concentration of protein in solution. This makes for easy preparation of 29% labeled
to 71% unlabeled tubulin. 29% rhodamine-labeled suspensions were prepared as follows.
1. Thaw one aliquot of the rhodamine-labeled tubulin and one aliquot of the unlabeled
tubulin in the e•IceBucket or at 4◦ C.
2. Add the unlabeled tubulin to the labeled tubulin.
3. Mix gently with the pipettor by drawing the fluid in and out of it several times.
4. 1 µL aliquots of this solution are then flash frozen and then stored in the -80◦ C
freezer.
The 29% labeled tubulin suspension were what were used in experiments. See below for a
description of how microtubules were polymerized.

2.2.5

Taxol

Taxol was essential for stabilizing microtubules. However, it is not the only type of “fixing”
agent. For an example of experiments using gluteraldehyde as the fixing agent, see Brown
et al. [Brown 2002]. No experiments using gluteraldehyde were performed.

Taxol overview
Taxol is an anti-cancer drug [Yvon 1999] derived from the Yew tree [Arnal 1995] that stabilizes microtubules. Since cancer cells are fast growing cells, Taxol helps to slow down
the spread of the tumor by inhibiting microtubule dynamics and thus cellular replication.
The stabilizing effect of Taxol prevents depolymerization of microtubules as shown in Figure 2.4. This type of depolymerization prevents tracking in the gliding motility assay and
hence the reason for using Taxol. Taxol binds to the inner portion of the microtubule on
the beta tubulin subunit ([Nogales 1995], [Arnal 1995]) and does so in a stoichiometric ratio
to tubulin.
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(Depolymerization movie.)

Figure 2.4: Click here to view the movie via YouTube. Click the movie to play, press P
to pause. Movie showing the depolymerization of microtubules.
Taxol is hydrophobic. Dimethyl sulfoxide (DMSO) is an organic solvent that can solubilize Taxol in order for the Taxol to be introduced to an aqueous solution so that it can
attach to tubulin and stabilize microtubules. Sigma packs DMSO in ampules and the liquid
needs to be transferred into a different screw top container for easy access. Since DMSO
reacts with just about everything, so it must be stored in either HDPE, LDPE, or PP. The
aliquots of DMSO are stored in a secondary HDPE container filled with desiccant, in a
nitrogen environment, and in the desiccator at room temperature.
Preparation of the Taxol solution requires the following components.
• Taxol
• DMSO

Taxol recipe
Taxol was purchased from Cytoskeleton and had approximately 170 µg of Taxol in the vials.
Adding 20 µL of DMSO made a 10 mM Taxol in DMSO solution.
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1. One vial of Taxol from Cytoskeleton.
2. 20 µL of DMSO.
3. Mix and stored at 3 - 4◦ C.

(Movie of Taxol crystals in solution.)

Figure 2.5: Click here to view the movie via YouTube. Click the movie to play, press P
to pause. Movie showing Taxol crystals found in an assay. Note that the crystal does not
photobleach.
DMSO freezes around 18◦ C and is very hygroscopic. Storing the Taxol solution in DMSO
at or below 4◦ C (a refrigerator) was a nice way to check if the solution was still good or
not. If the solution froze, then it was still viable. If it did not freeze, then the DMSO has
absorbed enough water from the atmosphere to render it unreliable for experiments.
If there is too much Taxol in solution or, if the Taxol stock had gone bad, Taxol crystals
formed. These crystals occur because free tubulin and rhodamine dye molecules have a
high affinity for Taxol ([Foss 2008], [Castro 2009], [Castro 2010]). If this occurred in the
assay (see Figure 2.5), a new stock solution of Taxol was prepared as well as a new assay.
Taxol solutions in DMSO that did not freeze at 3◦ C were observed to have a prevalence of
crystals in solution.
There are some things to take note of about the Taxol crystal in Figure 2.5. The first
thing is that the fibers are rigid. Also, the crystal does not photobleach.
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The suggested 2 mM Taxol suspension from Cytoskeleton’s website was initially used
in these assays. Microtubules fixed with the 2 mM Taxol solution had a greater tendency
to depolymerize. Experiments investigating this claim have not been performed, however,
the reason the microtubules depolymerized more may be due to the amount of DMSO in
solution used. Using the 2 mM stock solution required the addition of more DMSO to
solution than the 10 mM stock solution. No studies investigating this claim have been
found.

2.2.6

Kinesin

Kinesin recipe for motility
The kinesin used was generously supplied by Dr. Haiqing Liu. The kinesin was his-tagged,
truncated kinesin-1 dmk401 ([Asbury 2003], [Berliner 1995]) from Drosophila, and was expressed in E. coli.
Kinesin was diluted to 27.5 µg/mL for each assay. In order to prepare the kinesin for
an assay from the supplied stock, the following solutions were prepared.

PEM-A As mentioned above, ATP is the fuel source for kinesin. It is what kinesin uses
in its motor domains to produce a step on a microtubule. In order for the gliding motility
assay to work, ATP must be in solution. A solution of 100 mM ATP in PEM was made
with the following ingredients.
• PEM
• ATP
ATP comes in different varieties the Mg-ATP variety was used because the motility assay
requires magnesium. Since it was a salt, it went into a solution of PEM easily. The stock
container of ATP was stored in a secondary container that was filled with desiccant and
under a nitrogen environment in the -20◦ C freezer.
The book, Molecular Cloning [Sambrook 2001], says to suspend ATP in a Tris buffer at
pH 8.0 since ATP auto-hydrolyzes less in alkaline buffers as opposed to acidic ones. Alberty
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[Alberty 1968] shows a graph that the auto-hydrolysis of ATP does not change very much
for ATP stored in buffers at pH 7 as opposed to pH 8. No problems were observed using
ATP stored in PEM and that not having to introduce another chemical, namely the Tris,
into the assay may be beneficial to the assay. After storage, the PEM-A solution started to
look cloudy and we were unsure about the cause of this, however, no adverse effects to the
gliding motility assay from using a solution of ATP in PEM were observed.
To prepare the 1 mL 100 mM PEM-A solution the following was done.
1. Weigh out 0.0507 g of ATP
2. Dilute the 10x PEM to 1x PEM.
3. Add the ATP to the PEM and mix.
4. Aliquot to 10 µL vials and flash freeze.
PEM-A lasted for 6 months stored in the -80◦ C freezer.

0.5 mg/mL casein in PEM This is nothing more than a dilution of the 1.0 mg/mL
casein solution and was needed for the motility assay.

2.2.7

Flow cell

The above link shows an old method of how flow cells were prepared.
Figure 2.6 is a movie (with sound) that outlines an updated version of flow cell creation.

2.2.8

Microscope

Images were taken on an Olympus IX71 inverted microscope using an Olympus 60x 1.42 NA
PlanApo objective and an Andor Luca S camera via custom LabVIEW image acquisition
software [KochLab]. Rhodamine fluorophores attached to tubulin were illuminated with a
100 W mercury lamp using a TRITC filter cube with filter set 49005 from Chroma. The
mercury lamp was directly attached to the microscope and attenuated by 94% using neutral
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(Movie of flow cell construction.)

Figure 2.6: Click here to view the movie via YouTube. Click the movie to play, press P
to pause. Movie showing how flow cells for the gliding motility assay were made.
density filters. The strong attenuation was to reduce photobleaching and potential local
heating of the sample.
Temperature stabilization of the objective was crucial for obtaining stable gliding motility assay speeds. Construction of a
PID temperature controller in order to stabilize the objective temperature is discussed
in Chapter 3.

2.2.9

Image acquisition soft-

ware
An Andor Luca-S camera with custom Lab- Figure 2.7: Picture of the microscope used
for all gliding motility assays.
VIEW acquisition software written by Larry
Herskowitz was used to acquire images
[KochLab]. The acquisition software captures png files from the camera that are time stamped and stored for later analysis. The
camera was attached to a 3 axis stage as well as a rotation stage and not directly attached
to the microscope.
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2.3

Experiments

In the following section, how to perform a basic gliding motility assay using the solutions
prepared in the above sections is described.

2.3.1

Assay checklist

Before starting an experiment, the following solutions and stocks were prepared ahead of
time.
1. 10x PEM
2. H2 O - just a convenient vial of water is necessary to dilute the 10x PEM to make 1x
PEM.
3. 1x PEM
4. Antifade
5. PEM-Glu
6. PEM-A
7. 10 mM Taxol in DMSO
8. 1.0 mg/mL W-PEM
9. 0.5 mg/mL W-PEM
10. 0.5 mg/mL W-PEM + 1 mM ATP (PEM-WA) - This is just 99 µL of 0.5 mg/mL
W-PEM and 1µL of PEM-A.
11. 29% labeled, 71% unlabeled tubulin stored in TSB and ready for polymerization.

2.3.2

Microtubule polymerization

The 29% labeled tubulin aliquots were ready for polymerization right out of the freezer. In
order to polymerize microtubules the following was done.
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1. Ensure that the thermal cycler was on and set for 37◦ C. The lid was heated as well
since there was 1 µL of volume in the tube and the heated lid prevented evaporation.
2. The tubulin stayed in the thermal cycler for 30 minutes. When 25 minutes passed, a
solution containing the following (PEM-T) was prepared.
• 198.8µL of PEM
• 0.2 µL of the 10 mM Taxol in DMSO.
3. At 30 minutes, PEM-T was added to the microtubules in the thermal cycler.
The microtubules were then taken out of the thermal cycler and protected from ambient
light.

2.3.3

Making a gliding motility assay

Below are the steps taken to make the gliding motility assay.
1. The mercury lamp was turned on and the microscope was set up for Köhler illumination. The camera software was prepared to take data. The mercury lamp was on
for at least 30 minutes before taking measurements to ensure that it was warmed up.
Once the microscope was set up, the temperature controller was prepared and the
software associated with it.
2. Polymerize microtubules.
3. After microtubules were polymerized, 10 µL of W-PEM was added to a flow cell and
allow to sit for 10 minutes.
4. Before the 10 minutes were up, the kinesin was diluted in a ratio of 1:10 Kinesin:PEMWA and stored in the e•IceBucket until the next step. This diluted solution of kinesin
was at a concentration of 27.5 µg/mL.
5. During the 10 minutes of casein incubation, a motility solution was prepared. Motility
solutions consisted of
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• 90.5 µL PEM
• 1 µL PEM-Glu
• 1 µL PEM-A
• 2.5 µL Antifade
• 0.1 µL Taxol
• 5 µL of microtubules
6. Once the 10 minutes were up, the diluted kinesin in PEM-WA was added to the flow
cell by fluid exchange. This was then allowed to sit for another 5 minutes.
7. After the 5 minutes were up, the motility solution was added to the flow cell by fluid
exchange.
8. The flow cell was sealed with nail polish and put on the microscope for observation.
The [Kinesin home page] suggests including casein in the motility solution. Casein was not
added in the motility solution because we observed that microtubules undergo non ideal
tracking motion, i.e. microtubules did not move in straight lines. There has been some
debate about the use of nail polish as the flow cell sealant due to the organic solvents used
in nail polish. The usage of nail polish is discussed in detail in Chapter 4.

2.4

Data analysis

Data analysis was performed in the same way for each experiment. It is discussed in detail
in Chapter 3.

32

Chapter 3
Gliding speed effects due to surface
passivation
3.1

Introduction

Both kinesin and microtubules are vital
components of eukaryotic cells. Kinesin is
used as a vehicle to shuttle items from one
part of the cell to another and microtubules
are the roads that kinesin travel on. Kinesin
walks along microtubules in one direction
and does so by converting chemical energy,
in the form of ATP hydrolysis, to linear mo-

Figure 3.1: Image of our mascot “Kiney”
tion ([Carter 2005], [Vale 1997], [Hua 1997], at the microscope where experiments were
performed. The plush doll form of Kiney was
[Vale 1985], [Goldstein 1999]). Biophysical made by Wendy Tsao from Child’s Own
observations of motility can be carried out Studios.
in many different ways, however, the two
most prominent observational techniques investigate kinesin and microtubules via the gliding motility assay or with an optical trap ([Block 1990], [Yildiz 2004], [Gelles 1988]). The
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gliding motility assay ([Böhm 1997], [Böhm 2000a], [Böhm 2000b]) is the experimental procedure of interest for this study and a description on how to prepare a gliding motility assay
can be found in Chapter 2.
This study aims to show that there are subtle differences in the speeds at which microtubules will glide at depending on the surface passivation used. It also shows that different
surface passivations support different lengths of microtubules. This chapter will discuss the
subtle differences to the gliding motility assay already outlined in Chapter 2. Some of the
technological hurdles that were overcome in order to obtain stable speed data will also be
discussed.

3.2

Methods and materials

In this section, the technological hurdles needed to be overcome in order to obtain stable
data and the subtle differences in the generic gliding motility assay described in Chapter 2
are discussed.

3.2.1

Temperature stabilization

Temperature stabilization was crucial for
observing stable speeds. Without it, microtubule gliding speeds increased over time.
Figure 3.2 shows data that did not use
a temperature-stabilized objective.

The

data shows a sharp initial increase in speed
which, over time, would taper but never
level off. There are three different assays in
the graph, one each of: alpha casein, beta
Figure 3.2: Graph showing three
casein and whole casein. A description of experiments using different passivation
schemes. Note that each individual trace
the different types of caseins will be given
continuously increases in speed over time.
below, briefly they are the constituents of
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whole casein described in Chapter 2. Using the data from Figure 3.2, it was initially thought
that we had accomplished the goal of this study; which was to observe speed changes dependent on the type of passivation used. However, what was observed was that kinesin is a
very sensitive temperature probe.
Figure 3.2 was presented at the Biophysical Society Meeting 2010 [Maloney 2010a] where
Stefan Diez suggested that the increase in speed over time was due to a temperature effect.
The same data showing speed changes due to water isotopes and osmolytes were shown
at a conference in Santa Fe later that year [Maloney 2010b]. Dr. Erik Schäffer of TU
Dresden attended the conference and he again told us that there was a temperature issue
with the data. He described his microscope setup which stabilized the temperature of their
objective with millikelvin precision. He told us that with this setup, he could tell rather
precisely when and if a graduate student in his lab turned on the computer monitor near
the microscope.
The temperature of the entire microscope does increase over time due to having the
mercury lamp on. Figure 3.3 shows the temperature of the objective due to having the
mercury lamp on and shining through it. The temperature of the objective was taken at its
top, near where the sample would be. No oil was used on the objective for this measurement.
As can be clearly seen, the objective does reach a stable temperature, albeit 5.5 hours after
turning the lamp on. This was not ideal for experiments as one would have to wait 5.5 hours
before being able to take measurements. This graph does not show the effect of placing
a microscope slide at room temperature on the objective as doing so causes the objective
temperature to decrease, as can be seen in Figure 3.4.
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Figure 3.3: Temperature of the microscope objective with no temperature stabilization
and the mercury lamp on shining through the objective. The black curve is when the
lamp was on and the red was when it was switched off.

Figure 3.4: Temperature of the microscope objective with temperature stabilization.
The initial spikes are due to turning the stabilization electronics on and off. The smaller
spikes at later times are when a slide was removed from the objective and replaced with a
new slide at room temperature.

Re-plotting the data taken in Figure 3.2 against absolute time, i.e. from the seconds
measured since the year 1904, shows a different story about microtubule speed measurements and casein passivation. All the data in Figure 3.2 was taken on the same day and
when plotted with their time stamps appropriately zeroed from the first image taken, Figure
3.5, one can clearly see that there is an overall increase in speed as time goes on. One can
also see that over the time the slide is on the objective, the microtubule speeds increase.
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Figure 3.5: Graph showing speed values of data from Figure 3.2 after plotting against
the absolute time they were observed.

Figure 3.6: Graph showing speed values after temperature stabilization.
This was due to the fact that the slides were at room temperature and they heated up when
on the objective. A plot showing the effect of temperature on the objective for turning
the heating element on and off, and adding oil and removing and replacing a slide on the
objective can be seen in Figure 3.4.
This data gave us an opportunity to build a similar system to what Dr. Schäffer uses
in his lab to stabilize the temperature of the microscope objective [Mahamdeh 2009]. As
can be seen in Figure 3.6, with a stable temperature, speed measurements can be recorded
with as little as ±4 nm/s errors. This was a feat all to itself since average speeds in the
literature can quote errors as large as 50 - 100 nm/s [Böhm 1997]. Figure 3.6 also shows
the large increase in speed observed in earlier experiments for early times, except that now
the data levels off. Figure 3.6 shows quite nicely that without temperature stabilization,
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speed measurements would not be stable. Figure 3.7 shows a movie when there was no
temperature stabilization on the objective. The movie shows how the focus would drift
which required constant adjustments. The movie loses focus when the overall image gets
brighter. This is due to the objective collecting more light from the fluorescent microtubules
in solution and not at the surface of the slide where the kinesin is adhered to.
A detailed description of the objective heater build can be found in a post done on the
website Instructables. Briefly, the objective heater was a PID control circuit using a software
interface from TeTech. The control circuitry was connected to two 15 kΩ thermistors. One
thermistor controlled the heating element and the other was used to measure the objective
temperature which was recorded by the software. The heating element used was a Kapton
flexible heating element. This design can maintain a temperature to ±0.1◦ C. There are very
few studies that indicate whether or not observation of the gliding motility assay was done
with temperature stabilization. It has been shown that temperature does play a crucial role
in obtaining stable data [Böhm 2000a], [Böhm 2000b]) in a few studies, as well as the ones
done in this thesis.

(Movie showing focus drift.)

Figure 3.7: Click here to view the movie via YouTube. Click the movie to play, press P
to pause. Movie showing the focus drift due to temperature instabilities. When the overall
image becomes brighter, the focus is drifting.
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3.2.2

Materials

Below are links to the tools that do not change in this assay and greater detail about those
that do change are listed below.
• PEM buffer
• Antifade and PEM-Glu
• Tubulin for microtubule polymerization and Taxol for microtubule stabilization.
• Kinesin and PEM-A
• Flow cells
• Surface passivation chemicals

Passivation solutions
This experiment used the different bovine casein constituents to investigate speed variations
of microtubules in the gliding motility assay. In the temperature stabilization section of this
chapter, initial experiments saw huge differences in speeds using different caseins. As was
already mentioned above, the large speed variations were due to temperature effects and
not due to the passivation chemicals. Once the temperature of the objective was stabilized,
continued investigation to whether if there were any variations in speed due to surface
passivation was done. To begin this experiment, the following caseins all from bovine milk
were purchased.
• A combination of the αs1 - and αs2 -caseins purified to 70% (Sigma C6780)
• β-casein purified to 98% (Sigma C6905)
• κ-casein purified to 70% (Sigma C0406)
• Whole casein (Sigma C7078)
Each casein component was reconstituted in PEM under constant stirring. The different
solutions that were prepared for this experiment are given below.
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W-PEM For a detailed description of how to make W-PEM, see Chapter 2.
α-PEM The subscript “s” attached to the alpha casein means “sensitive” since the alpha
caseins are the first caseins to be removed from solution by adding over 4 mM calcium. αs1 casein comprises approximately 37% of whole bovine casein while αs2 -casein comprises only
10% [Fox 1998a]. A mixture of the αs1 - and αs2 -caseins was purchased from Sigma.
Alpha PEM has 1.0 mg/mL α-casein in PEM. Dissolving α-casein in PEM required
approximately 60-80 minutes of constant stirring at room temperature. The procedure to
make α-PEM was as follows.
1. Weighed out 25 mg of α-casein.
2. Added the 25 mg of α-casein to 25 mL of PEM.
3. Stirred for approximately 60-80 minutes or until there were no longer visible precipitates in solution.
4. Allowed the foam to settle if any.
5. Aliquoted into convenient screw top vials.
α-PEM lasted for 6 months stored at 4◦ C. No additional filtering was done on the α-PEM
solution.

β-PEM β-casein comprises approximately 35% of the protein in whole bovine casein. It
takes approximately 400 mM calcium to remove it from a solution of skim milk [Fox 1998a].
β-PEM has 1.0 mg/mL β-casein in PEM. The procedure for making β-PEM was very
similar to how α-PEM was made except for the length of time required to mix.
1. Weighed out 25 mg of β-casein.
2. Added the 25 mg of β-casein to 25 mL of PEM.
3. Stirred for approximately 30-40 minutes or until there were no longer visible precipitates in solution.
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4. Allowed the foam to settle if any.
5. Aliquoted into convenient screw top vials.
β-PEM lasted for 6 months stored at 4◦ C. No additional filtering was done on the β-PEM
solution.

κ-PEM κ-casein is structurally very different from α and β casein. Kappa casein is a
glycoprotein and was depicted in Figure 2.1 as the “hairs” of the casein micelle. Kappa
casein is thought to stabilize the casein micelle and it is unaffected by calcium concentration.
It can even help to stabilize alpha and beta caseins from calcium precipitation [Fox 1998a].
κ-PEM has 1.0 mg/mL κ-casein in PEM. The procedure for making κ-PEM was very
similar to how α-PEM was made, except for the length of time required to mix.
1. Weighed out 25 mg of κ-casein.
2. Added the 25 mg of κ-casein to 25 mL of PEM.
3. Stirred for approximately 15-20 minutes or until there are no longer visible precipitates
in solution.
4. Allowed the foam to settle if any.
5. Aliquoted into convenient screw top vials.
κ-PEM lasted for 6 months stored at 4◦ C. No additional filtering was done on the κ-PEM
solution.

M-PEM From the stated amounts of the individual casein components, a “whole” casein type solution was mixed together using α-PEM, β-PEM, and κ-PEM called M-PEM.
Artificial reproduction of the results obtained from W-PEM were investigated.
Since all the components of casein were already in solutions of PEM, M-PEM was just
mixed together.
• 49% α-casein or 980 µL of α-PEM.
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• 37% β-casein or 740 µL of β-PEM.
• 14% κ-casein or 280 µL of κ-PEM.
M-PEM will last for 6 months stored at 4◦ C. No additional filtering was done on the
M-PEM solution.
No investigation on the solubility of the caseins in a solution of PEM were done. Casein
solubility is a complicated function of other casein constituents in solution ([Zittle 1961],
[Zittle 1963]), temperature ([Payens 1963], [O’Connell 2003], [Leclerc 1997]), genetic variants [Thompson 1969], ionic strength and types of salts in solution [Thompson 1969], calcium ion concentration ([Zittle 1961], [Zittle 1963], [Thompson 1969]), and pH [Bingham 1971].

3.3

Experiment and data analysis

The speed at which microtubules glide at in the motility assay depended on a number
of factors. One of those factors was the pH of the solution. In the PEM solution, the
amount of NaOH is approximate since each solution of PEM is pH-ed to 6.89. Böhm
[Böhm 2000b] shows that gliding speed were affected by both the pH and the ionic strength
of the solution the motors were in. In an effort to reduce as many variables as possible for
speed measurements, maintaining the pH of the PEM buffers at exactly 6.89 was chosen
and varying the amount of NaOH necessary to achieve this pH.
For a complete description of the gliding motility assay, see Chapter 2. Briefly, polymerization was carried out in a Thermo PCR Sprint thermocycler held constant at 37◦ C
and incubated for 30 minutes using 1 µL of the 29% rhodamine-labeled and 71% unlabeled
tubulin. After 30 minutes, the microtubules were fixed and diluted by 200x by adding 199
µL of PEM-T. Polymerized microtubules were stored at room temperature and protected
from ambient light until used in a motility assay. Storing polymerized microtubules at 4◦ C
will cause rapid depolymerization [Shelanski 1973].

42

3.3.1

Gliding motility assay

Experiments followed the same recipe outlined in Chapter 2. The steps taken for this
experiment were as follows.
1. Prepared a flow cell.
2. Incubated the flow cell with 1.0 mg/mL of the various caseins in PEM for 10 minutes.
3. During the 10 minute incubation, kinesin was diluted in 0.5 mg/mL of the same casein
in PEM used in Step 2, plus 1 mM ATP. The final concentration of kinesin used in
these experiments was 27.5 µg/mL.
4. After 10 minutes, kinesin was flowed into the flow cell by fluid exchange. This was
then allowed to sit for 5 minutes.
5. During the various incubation steps, a new motility solution was prepared for each
assay. The motility assays consisted of:
• 1 µL of PEM-A.
• 1 µL of PEM-Glu.
• 2.5 µL of antifade.
• 0.1 µL of Taxol.
• 90.5 µL of PEM.
• 5 µL of microtubules.
6. After the 5 minute incubation with kinesin, the motility solution was introduced to
the flow cell by fluid exchange.
7. The flow cell was then sealed with nail polish.
In order to not dilute the Taxol used to stabilize microtubules, it was added in the
motility solution at the same concentration used in PEM-T. Preventing dilution of chemicals
is why 1 mM ATP was added to the motility solution as well. The kinesin home page
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and Verma et al. ([Kinesin home page], [Verma 2008]), suggest that adding casein to the
motility solution enhances the chances of a gliding motility assay to work properly. Adding
casein to the motility solution caused microtubules to undergo non-ideal motility, i.e. they
moved in tight circles and end up wrapping around themselves such that the microtubules
looked like squiggles and were untrackable. In order to prevent such behavior, no casein
was included in the motility solution.
After sealing the flow cell, the slide was immediately placed on the microscope for observation. Data was taken at 5 frames per second with a single exposure time for each frame of
100 ms. The camera software [KochLab] was set to take a total of 600 images for one region
of interest (ROI) and had an EMCCD gain of 150. The time to capture 600 frames was
approximately 2 minutes of total exposure for one ROI. After the camera had captured 600
frames, the sample was moved on the microscope. This was done because a broad sample of
speed measurements from the flow cell was required. Kinesin may not be distributed uniformly on the surface of the flow cell and may give different speed measurements dependent
on where the observation took place. Hunt et al. [Hunt 1994] showed that microtubules
would slow down against viscous loads if the kinesin concentration was low. These assays
never used small concentrations of kinesin, but to ensure that a sampling of speed that did
not have to take into account kinesin coverage, the sample was moved around. Each slide
was repositioned on the microscope for a total of 15 times giving 15 ROIs to analyze data
from.

3.3.2

Data analysis

Microtubules were then tracked using a custom LabVIEW tracking application written by
Larry Herskowitz [KochLab]. The tracking software [KochLab] used image segmentation
algorithms to identify microtubule ends via pattern matching. Microtubules successfully
tracked for fewer than 100 consective images were discarded. This lower bound of images
was found through experiment to give reliable data. Microtubules that could be tracked
with fewer images did not consistently give high-fidelity data and thus a lower bound for
images was set. The software was unable to track microtubules that had a segmented area
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less than 55 pixels due to the pattern matching algorithms used. This put a lower bound on
the length of trackable microtubules to be around 2 µm. Finally, tracking of microtubules
stopped if the microtubule crossed other microtubules or if it came too close to the edges
of the field of view.
Once tracking was complete, the X and Y pixel values for the ends of microtubules were
analyzed with another custom LabVIEW analysis program written by Larry Herskowitz
and Steve Koch [KochLab]. This program calculated the speeds at which microtubules
were moving at by subtracting the pixel values of consecutive tracked microtubule images
and dividing by the time between frames.

nm
s = 166.7
s


p



×

(xn+1 − xn )2 + (yn+1 − yn )2
tn+1 − tn

These values are plotted in Figure 3.8 as the blue markers. As one can see, there is a lot
of noise in these raw measurements. The cause of this behavior is because microtubule ends
are never permanently attached to the kinesin surface and thus undergo Brownian motion
transverse to the motility direction. To alleviate this noise, a sliding Gaussian window of 2
seconds was used to smooth the data. This newly smoothed data is depicted as the black
curve in Figure 3.8. Boundary effects due to the finite sample size are quite evident in the
graph. There are a lot of techniques that try to compensate for these edge effects, however,
we as a group decided to not take them into consideration. Instead, we decided to remove
5 seconds’ worth of points from the beginning and end of the data set. This completely
removed all the edge effects due to smoothing.
Kernel density estimation (KDE) [Silverman 1986] was then done on all the individual
microtubules. Making a KDE is very similar to making a histogram of the speed data,
except that the KDE method applies a Gaussian kernel around every point instead of
placing a data point in a bin. The Gaussians are then summed together to give a smooth
representation of what the most likely microtubule speed is. Figure 3.9 shows the KDE of
the microtubule data in Figure 3.8. The bandwidth used in this kernel was 20 nm/s. As one
can see in Figure 3.8, the smoothed red line data is not completely flat. This is because the
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Figure 3.8: Data analysis. Blue markers are the speed values from unsmoothed X and Y
positions of the microtubule end. The black curve shows the speed values calculated after
smoothing the position data using a Gaussian window with a width of 2 seconds. The red
curve shows the speed data after removing the first and last 5 second time periods and is
the data that is then analyzed by the KDE algorithm.
microtubule does not travel at the same speed all the time. It can pause, stop completely,
or even slow down. Using the KDE method allows one to see these subtle differences in
speeds and is quite evident in Figure 3.9.
Speed versus time data for all the microtubules in an individual region of interest (ROI)
were then concatenated together (all the smoothed data similar to Figure 3.8) and the most
likely speed for a ROI was extracted using the KDE method with a Gaussian kernel of
width 50 nm/s. Using the KDE method instead of a simple mean reduces the sensitivity to
microtubule pausing or stalling, which was evident in many assays. We used a large kernel
width to reduce sensitivity to possible speed changes due to number of kinesin motors
or other causes [Gagliano 2010]. The most likely speeds for individual regions were then
plotted versus time to determine when the slide had reached thermal equilibrium with the
objective, see Figure 3.6. The initial 5 data points were removed for all data sets indicating
that it took about 10 minutes for the slide to reach a stable temperature. Each assay
— alpha, beta, kappa, whole, and mixed casein — was repeated three separate times on
different days and with different kinesin aliquots. When possible, the mean and standard
error of the mean was computed for the three data points for a given assay time.
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Figure 3.9: KDE of a single microtubule using alpha casein passivation.

3.4
3.4.1

Results and discussion
Results

Data was taken at 33.1 ± 0.1◦ C as measured from the top thermistor on the objective.
This temperature is well above the temperature the objective would reach due to long-term
heating, see Figure 3.3, from the Hg lamp and was found to give consistent data, Figure 3.6.
The closer the ROI was to the boundaries of the flow cell, the slower the microtubule gliding
speed was. The propensity for depolymerization increased near the boundaries of the flow
cell. In order to obtain consistent data and prevent depolymerization of the microtubules,
gliding assays were observed in the center of the flow cell channel, except where otherwise
noted. All images have had dead pixels removed by an interpolation function and have been
false colored using ImageJ’s green fire blue LUT using a custom LabVIEW 7.1 application
written by Larry Herskowitz [KochLab].
Bovine alpha casein (a mixture of αs1 37% and αs2 10%) constitutes approximately
47% of whole bovine casein [Fox 1998a]. This passivation was capable of supporting small
microtubules and longer ones as can be seen in Figure 3.10. When using alpha casein, the
gliding motility assay worked every time except when the kinesin or antifade system lost its
effectiveness for maintaining a gliding assay.
Bovine beta casein comprises approximately 35% of whole casein and visible precipitates
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(Alpha casein passivation.)

(a) Image.

(b) Movie.

Figure 3.10: Click here to view the movie via YouTube. Click the movie to play, press P
to pause. Alpha casein passivation.

(Beta casein passivation.)

(a) Image.

(b) Movie.

Figure 3.11: Click here to view the movie via YouTube. Click the movie to play, press P
to pause. Beta casein passivation.
took less time to dissolve in PEM as compared to alpha casein. Figure 3.11 shows that beta
casein as a surface passivator was not ideal. It did not support smaller microtubules and
did not in general have very many motile microtubules in any assay. The microtubules that
were motile, were typically quite long. Beta casein also caused the microtubule’s minus
and positive ends to detach from the kinesin surface while undergoing motility more often
than the other passivation schemes. This caused errors in the tracking and thus did not
give consistent data. This is unfortunate as it can be purified to better than 98%, making
this component of whole casein the purest commercially available. Another interesting
phenomenon observed when using beta casein was that motile microtubules were not found
in the center of the channel for the flow cell. Motile microtubules were observed, but they
were always found off center to the flow cell channel which may depend on kinesin or casein
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(Kappa casein passivation.)

(a) Image.

(b) Movie.

Figure 3.12: Click here to view the movie via YouTube. Click the movie to play, press P
to pause. Kappa casein passivation.
concentration. The input kinesin or casein concentration for these studies was not varied.
Kappa casein, compared to alpha and beta, is structurally very different.

It is a

glycoprotein and is thought to stabilize the casein micelle ([Fox 1998a], [Walstra 1999],
[Phadungath 2005]) by sterically hindering the aggregation of too many casein sub-micelles.
It did not support motility in a very consistent manner as can be seen from Figure 3.12.
As was the case for beta casein, kappa casein did not support motility in the center of the
channel of the flow cell. Stuck microtubules were found near the center of the flow cell and
near the tape. However, between the boundaries of the flow cells and away from the center
of it, there was motility. In the areas that motility existed, kappa casein was able to support
motility of long and short microtubules with the exception of extremely short microtubules
found to move only in the alpha or whole casein assays. The very short microtubules either
remained stuck to the surface or exhibited motility for a very short period of time before
going into solution. Kappa casein did a remarkable job of adhering microtubules to the
slide much like how poly-L-lysine is used to fix microtubules on a slide [Vater 1995].
Whole bovine casein is the passivator of choice when doing gliding motility experiments.
Whole bovine casein worked remarkably well for sustaining motility, Figure 3.13. Similar
to the alpha casein passivation, whole casein worked every single time and gave consistent
data. It was only when we deemed either the kinesin or the antifade system to have lost
its effectiveness at maintaining microtubule gliding that the assay did not work. Of the
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(Whole casein passivation.)

(a) Image.

(b) Movie.

Figure 3.13: Click here to view the movie via YouTube. Click the movie to play, press P
to pause. Whole casein passivation.

(Mixed casein passivation.)

(a) Image.

(b) Movie.

Figure 3.14: Click here to view the movie via YouTube. Click the movie to play, press P
to pause. Mixed casein passivation.
five types of bovine casein solutions tested, whole casein required heat in order for visible
precipitate to completely dissolve into a solution of PEM. No adverse affects to motility by
heating whole casein were observed.
Mixing whole casein from the individual constituents of alpha, beta, and kappa was
also used as a surface passivator. The mixed whole casein consisted of 49% alpha casein,
37% beta casein and, 14% kappa casein which is very similar to what Fox and McSweeney
state as the casein components of bovine milk [Fox 1998a]. Mixing it was easy since each
component was already in a PEM solution. The behavior of the mixed bovine whole casein
was indistinguishable from the purchased whole casein or the alpha casein passivation,
Figure 3.14.

50

Figure 3.15: Black circles are alpha casein passivation, red squares are beta casein
passivation, green right side up triangles are whole casein passivation, and blue down
pointing triangles are mixed casein passivation. Each data point is the mean for three
ROIs from separate samples at the corresponding assay time point. Error bars are the
SEM of those three measurements. Alpha casein had the most consistent average speed
measurements at 949 ± 4 nm/s. Whole casein and mixed casein averaged to 966 ± 7 nm/s
and 966 ± 6 nm/s respectively. Beta casein averaged to 870 ± 30 nm/s.

Figure 3.16: Green squares, red circles, and blue triangles represent 3 different assays.
As the figure shows, kappa casein is not an ideal surface passivator. There are many
regions in the flow cell where no motility exists at all and other areas where motility can
give quasi consistent results. Albeit at much slower speeds than is reported from alpha,
whole or mixed casein passivations. The open black circles show a characteristic alpha
casein assay for comparison. Note that the initial increase in speed is due to the slide
coming to thermal equilibrium with the objective.

Figure 3.15 shows the mean speed measurements for 15 different regions of interest for
the alpha, beta, whole and mixed casein assays. Each region of interest is the mean and
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SEM from three separate samples. The passivator that gave the most consistent speed
was alpha casein. The mean speed and SEM from our alpha casein measurement was 949
± 4 nm/s. Purchased whole casein and mixed casein performed remarkably similarly and
displayed average speed values of 966 ± 7 nm/s and 966 ± 6 nm/s respectively. Bovine beta
casein performed poorly in comparison to alpha, whole, or mixed caseins and we measured
the mean speed to be 870 ± 30 nm/s.
Figure 3.16 shows the observed speeds for kappa casein passivation. Since there were
so many areas where no motility was observed in this assay, it was difficult to determine a
mean speed measurement for each ROI as was done in Figure 3.15. However, it does appear
that when motile, the speeds were around 870-880 nm/s with kappa casein as the surface
passivator. This was similar to how beta casein performed.

Figure 3.17: Filled blue bars are length calculations for the alpha casein passivation,
filled green bars are for the beta casein passivation, filled red bars are for the kappa casein
passivation, unfilled black bars are for the mixed casein passivation, and unfilled purple
bars are for the whole casein passivation. Length measurements were performed only on
tracked microtubules and are estimations from computing the Convex Hull perimeter on
eroded images of microtubules.

Figure 3.17 shows a histogram of microtubule lengths. To obtain lengths, an erosion
algorithm was used on binary images of only the microtubules that were tracked. The erosion algorithm comes as a standard function in LabVIEW 7.1. The skeleton algorithm, as
it is called in LabVIEW, is not optimized for measuring microtubule lengths and tended to
overestimate them. Because of this, another algorithm was used on the skeletonized micro-
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tubules, namely a Convex Hull perimeter calculation [Convex], also found in the LabVIEW
library of functions. Dividing the Convex Hull perimeter by 2 gave lengths that consistently
fell in between manual measurements done by myself and Dr. Koch. As can be seen in
the figure, alpha casein (filled blue bars), whole casein (empty purple line bars) and mixed
casein (empty black line bars) all were able to sustain motility with smaller microtubules 2
- 6 µm range. Beta casein (filled green bars) had significantly fewer microtubules that were
tracked, however, those that were tended to be longer than the ones tracked in the alpha
casein assay. Kappa casein (filled red bars) had many more trackable microtubules than
beta casein but significantly fewer than alpha casein. The smallest trackable microtubules
using our image segmentation algorithm are around 2 µm. Figure 3.17 shows that there
are relatively few 2 µm microtubules in any of the assays. Kappa casein, however, had no
microtubules that fell in the 2 - 3 µm range but it had a large number of microtubules that
were in the 20 - 21 µm range. Length measurements using this method are not optimized
for precision. This method does give a way to see the relative size distribution differences
in the assays.

3.4.2

Discussion

It would appear that the more difficult it was to dissolve casein, the better it worked as
a surface passivator. This may be a coincidence, or it may relate to the manner in which
casein adsorbs to the glass. Whole casein was by far the most difficult to dissolve visible
precipitate into PEM without heating. Alpha casein came in second, beta third and kappa
fourth in terms of the time to dissolve completely in PEM at room temperature. Whole
casein is approximately 50% alpha casein and seeing how well alpha casein performed as a
surface passivator, it was not surprising to find that whole casein also performed well. The
differences in measured speeds between alpha and whole casein could be a result of how
kinesin is supported by the different caseins, or it could be due to differences in surfacecoverage for passivation by the casein. It has been shown that using substrates of differing
hydrophilicity with whole casein passivation affects the activity of kinesin [Huang 2005].
Purchased whole and mixed casein were practically indistinguishable. They performed
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almost identically and had the same measured speeds. Mixed whole casein has an upper
bound of 20% impurities in it. This amount is very similar to the amount of impurities
alpha casein has in it yet, mixed whole casein performed exactly how purchased whole
casein did. This similarity between mixed and purchased whole casein suggests that the
speed difference between alpha and whole casein is not due to impurities but rather that it is
due to how kinesin is supported by the casein micelles or, how casein interacts with the glass.
To elucidate this effect, it would be prudent to measure the speeds for the various caseins
as a function of casein and kinesin concentrations during incubation. These experiments
have not been performed.
Beta casein would have been the most ideal protein to use as the surface passivator since
it can be purified to greater than 98% purity. Higher protein purity is advantageous for
systematically producing devices that use kinesin and microtubules as sensors. However,
beta casein did not perform very well. It had the least number of motile microtubules to
track, it was not very reliable, and had a large distribution in speeds. It is possible, though,
that varying other parameters such as kinesin concentration, or beta casein concentration
could restore reliable motility. Again, these are future experiments.
Kappa casein would be an attractive surface passivator just for its ease in dissolving
in PEM. However, where motility exists in the flow cell is not consistent and it never
occurs in the center of the channel where it has been observed the most consistent speed
measurements from other assays. With kappa casein, many long and stable microtubules
permanently stuck to the surface. The sticking may be caused from kinesin attaching to
microtubules and then somehow being impeded from moving or, if there is actually no
kinesin on the kappa casein surface and the microtubules are just attracted to the kappa
casein or glass.
Of the five types of bovine caseins used to observe the gliding motility assay, alpha
casein performed very well. It is the easiest of the three commercially available bovine
casein constituents to dissolve in PEM and can be purchased at 70% purity. Most likely,
the 30% contaminants are from other casein components. It performed well every time an
assay was prepared and worked just as well as mixed and purchased whole casein.
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3.5

Conclusion

There are a wide variety of surface passivation strategies in the literature. This study
showed that there are differences in how the gliding motility assay is observed dependent
on the type of passivaiton used. Bovine alpha casein was the most reliable passivator when
following the most typical gliding assay protocol found in Chapter 2. This is why we have
chosen to use it for the following studies using isotopes of water in the gliding motility assay.

3.6

Future work

There are a great number of experiments that could be done to further this line of research. For instance, varying the amount of kinesin used in each assay could illuminate
more characteristics of how kinesin interacts with the surface passivation. Also, varying
the casein constituent concentration used to passivate the surface could bring to light the
possibility that either beta or kappa casein is a better surface passivator than alpha casein.
And finally, since the individual constituents of bovine casein can be purchased separately,
one can devise experiments that uses engineered “whole casein” as the surface passivation.
One could even use dephosphorylated alpha or beta casein as components to the engineered
surface passivation.
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Chapter 4
Water isotope effects on gliding
motility assays
4.1

Introduction

Water is a crucial component to biomolecular interactions and it is often overlooked in the
literature [Parsegian 1995]. It can easily get through the lipid bilayer of cellular membranes.
Cells are very densely packed and are regulated via protein generation and ion pumps so
that they maintain a certain osmotic pressure. When cells are placed in a hypoosmotic
environment, water will permeate the membrane such that the osmotic pressure inside the
cell and outside it, balance. This can cause the cell to swell with water. The reverse case
can occur as well when a cell is placed in a hyperosmotic environment. In this case, the
water in the cell will leave in order to try and equilibriate the osmotic pressure differences.
This causes the cell to shrink.
Water is needed for peptide hydrolysis and ATP hydrolysis. Kinesin uses water to
hydrolyze ATP so that it can take steps along microtubules. Water is crucial for life and is
necessary for many chemical reactions in cells. Water hydrates all protein membranes and
has been found to be present when EcoRI non specifically binds to DNA [Parsegian 1995].
When EcoRI does bind to the DNA, those water molecules that were in between the DNA
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and enzyme are expelled into the bulk water so that EcoRI can bind to the DNA. In order
for the kinesin motor domain to bind to the microtubule during a step, it is reasonable to
suggest that if it is hydrated, those water molecules would have to move from the protein
surface to become bulk water molecules.
The work described in this chapter investigated if osmotic pressure changes can be
observed using different isotopes of water while investigating the kinesin and microtubule
system.

4.2

Methods and materials

Most of this section is identical to previous chapters. Only the sections that differe from
those above will be described below.
• Microscope & Image acquisition software
• Temperature stabilization
• PEM buffer
• Antifade & PEM-Glu
• Tubulin for Microtubule polymerization & Taxol for microtubule stabilization.
• Kinesin & PEM-A
• α-PEM.
• Flow cells
• New PEM buffers using different isotopes of water.
The differences for these experiments as compared to others reported in this thesis are
subtle, however, they make a big difference to the assay. The measurable differences in how
the assay responds to different environments is not too surprising considering how sensitive
it is to ionic strength and pH [Böhm 2000b].
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4.2.1

New flow cells

The construction of the new flow cells was very similar to the old construction. The only
difference for the new flow cells was to not be permanently sealed. This required finding
a material that would “seal” the flow cell in order to prevent evaporation and at the same
time allowed to observe it on the microscope, remove it from the microscope, and flow in
new material to be observed again. Surprisingly enough, plain old kitchen plastic wrap
(cellophane) worked the best at this task.
Step 1: A template for fast and reproducible flow cell creation was created. Using
template, a slide (VWR 48300-025) was placed in the vertical rectangle.

Figure 4.1: Step 1 in the flow cell construction.

Step 2: Strips of permanent double stick tape were added (Scotch) to the slide by using
the two most center lines as a guide. This created a channel that is approximately 10 µL
in volume. The width of the two center lines was 5 mm.

Figure 4.2: Step 2 in the flow cell construction.

Step 3: The excess tape was trimmed by using the outer lines of the center box as a
guide. It turns out that keeping some extra tape was useful when making resealable flow
cells. After trimming the tape placed a cover slip (VWR 48366-045) over the center box.
The center box was used as a guide to ensure that the cover slip was centered on the slide.
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Figure 4.3: Step 3 in the flow cell construction.

Step 4: Proper adhesion of the cover slip to the tape was ensured by pressing it to
the slide. Proper adhesion was done when the light that is scattered from the slide + tape
+ slip combo differs from when the slip is merely placed on the tape. Compare the figure
from step 3 to this step and notice the difference in how the light scatters from the center
box.

Figure 4.4: Step 4 in the flow cell construction.

Step 5: If the flow cell was not intended to be used as a resealable one, then it was
finished in Step 4. If it was intended to be used with the cellophane sealer, the procedure
then continued on with the following steps. Two very thin pieces of double stick tape were
placed at the entrances of the flow cell. They have been colored red in the image to enhance
contrast. These pieces of tape were essential for proper sealing with a piece of cellophane
and helped prevent the objective oil from seeping into the flow cell. They can be made by
holding two razor blades together and cutting a thin piece of tape. Ensuring that the thin
pieces of tape were as close as possible to the entrances of the flow cell since observed excess
evaporation occurred if they were not close.
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Figure 4.5: Step 5 in the flow cell construction.

Step 6: Small strips of cellophane (Glad Cling Wrap) were then placed over the flow
cells and wrapped around the slide.

Figure 4.6: Step 6 in the flow cell construction.

Static cling vinyl and pallet wrap were also used before settling on using cellophane.
The static cling vinyl was not used because it was too thick and did not properly seal the
flow cell. But, it did indicate that the static cling was what was wanted to use as the new
sealer for the flow cells. This lead to pallet wrap which was not used because it contained a
small amount of glue and glue seeping into the flow cells may have been bad. Using it did
show that a thinner material to “seal” the flow cell with and ultimately lead to the use of
cellophane that can be purchased at a grocery store.
There has been some debate about the use of nail polish as the sealant for flow cells due
to the organic solvents that are in them. Using both the nail polish sealant method and this
new cellophane seal method (which has no chemicals that could possibly leach into the flow
cell) did not show a difference in the observed gliding motility speeds. This is discussed in
greater detail with a figure below in the Results section.
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4.2.2

New solutions

Along with the 10x concentrated solution of PEM mixed in 18.2 MΩ-cm water, three other
solutions containing two different isotopes of water were prepared, namely D2 O and H218 O,
and one sample with water that deuterium-depleted and contained ≤ 1 ppm of D2 O. The
reason for changing the water isotope was to try and measure speed differences dependent
on the water isotope concentration in solution. The goal was to try and see if the change
in water isotopes could be related to an increase in osmotic pressure of the system.

D2 O overview
D2 O has some rather remarkable properties
that are completely different than the properties of regular water. For instance, D2 O
is ([Hoefs 1987], [Soper 2008], [Katz 1957]):
• 20 - 25% more viscous than H2 O.
• 10% more dense than H2 O.
• Boils at

101.42◦ C.

• Freezes at 3.81◦ C.
• Intermolecular

bond

longer

H2 O.

Figure 4.7: Recreation of the work done by
Lewis in the 1930s. The cuvette on the left
has tobacco seeds that have been soaking in
100% D2 O for 19 days and the one on the
right has tobacco seeds that have been
soaking in deionized water for 19 days.
than There is no apparent growth of the seeds in
the left cuvette while there is definite growth
in the seeds on the right.

• Number of bonds in D2 O ≈ 3.76.
• Number of bonds in H2 O ≈ 3.62.
• ≈ $1/gram at 99.9% purity.
The density of D2 O compared to the density of H2 O is easily visualized by observing
how frozen D2 O will sink in a solution of H2 O. D2 O has also been shown to stabilize tubulin
([Chakrabarti 1999], [Das 2008]) and is known to prevent microtubules from depolymerizing
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[Panda 2000]. It is used in the thermal stabilization of vaccines [Sen 2009] and can even
be used to make fruit flies more tolerant to heat [Pittendrigh 1974]. Rhodamine has been
shown to have better photostability in heavy hydrogen water as well [Sinha 2002]. It is
also known to prevent cellular growth without changing the permeability of cellular walls to
water ([Lucké 1935], [Lewis 1933], [Lewis 1934]). Deuterium is such an odd isotopic species
that there have even been studies showing that a lack of deuterium during growth causes
stunting [Somlyai 1993]. In order to investigate the effects of D2 O on growth, a side project
that is attempting to recreate the seminal work done by Lewis ([Lewis 1933], [Lewis 1934]).
Preliminary data shows that growth is affected by D2 O as can be seen in Figure 4.7.
Some work has been done on investigating how molecular motors act in a solution of
D2 O [Chaen 2001]. Chaen et al. also showed that when they reduced the amount of ATP in
solution such that it became the rate limiting step, the speed at which actomyosin converted
ATP was less than the speed in H2 O.

H-PEM recipe
No studies have been made on how water isotopes affect kinesin and microtubules. To
remedy this, data looking at the speed at which microtubules glide at in the presence of
D2 O was taken. A solution of PEM in D2 O which was called H-PEM to indicate that it
contained the heavy hydrogen isotope of water. H-PEM was made in a 10x concentrated
solution and contained the following.
• 800 mM of PIPES (6.0474 g PIPES)
• 10 mM of EGTA (.0951 g EGTA)
• 10 mM of MgCl2 (250 µL MgCl2 )
• ≈ 1.25 M NaOH
• D2 O
NaOH was used to pH the solution but it is important to note that pH is a concentration
measurement of hydrogen ions in solution and not deuterium ions. In order to measure the
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correct “pD” of this solution using the pH meter, 0.41 must be added to the measured value
[Covington 1968]. This meant that the solution of PEM in D2 O was pH-ed to 7.30 using
NaOH. H-PEM was passed through a 0.2 µm syringe filter, aliquoted, and then stored at
4◦ C in screw top vials.

H218 O overview
Heavy oxygen water has the following properites ([Hoefs 1987], [Soper 2008], [Kudish 1972]).
• 5% more viscous than H2 O.
• 11% more dense than H2 O.
• Boils at 100.14◦ C.
• Freezes at 0.28◦ C.
• ≈ $200/gram at 97% purity.
There is not much in the literature about heavy oxygen water other than it is used
extensively in labeling ([Schwartz 2007], [Dawis 1989]). Its diffusion through regular H216 O
water has been measured as well [Easteal 1984]. The lack of research using H218 O is probably
due to its high cost. A single gram of water with 97% atomic purity of
gram with 99% atomic purity of

18 O

18 O

costs $200. A

costs nearly $1000 at the time of this writing. With

this type of cost prohibitions, the way PEM was prepared in H218 O had to be changed.

O-PEM recipe
To prepare the PEM solution using heavy oxygen water, the 10x PEM was diluted into the
H218 O water. This yielded a solution of PEM containing 90% H218 O. To make this solution
the following was done.
1. 100 µL of 10x PEM
2. 900 µL of H218 O
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The vial in which H218 O comes in makes it extremely difficult to remove all the material.
Because of this, it was only possible on average to acquire 850 µL of H218 O water from a
single vial. Using the techniques outlined in the previous chapters, 30 different assays were
run using varying amounts of H218 O water in the assay with only 2 stock vials of heavy
oxygen water. This solution was not pH-ed and it was not filtered for fear of losing too
much material in the filter. It was aliquoted and stored it at 3◦ C.

D-PEM recipe
Our reasoning behind investigating this one data point was two-fold. We wanted to see
what would happen if there was an almost zero amount of D2 O in solution and to use the
D-H2 O for our tobacco seed experiment seen in Figure 4.7, ([Lewis 1933], [Lewis 1934]). In
order to maintain the absolute minimum amount of D2 O in any solution, all solutions were
remade with the deuterium-depleted water. This meant remaking the following solutions
in deuterium-depleted water (D-H2 O).
• 10x PEM in D-H2 O (10x D-PEM) - This meant preparing a 1 M solution of MgCl2
in D-H2 O.
• 1.0 mg/mL α-casein in D-PEM (α-DPEM)
• 0.5 mg/mL α-casein in D-PEM (DPEM-α)
• 100 mM ATP in D-PEM (DPEM-A)
• 2 M glucose in D-PEM (DPEM-Glu)
• 1 mM ATP in DPEM-α (DPEM-αA)
• 20 mg/mL glucose oxidase in D-PEM (DPEM-GOD)
• 8 mg/mL catalase in D-PEM (DPEM-CAT)
• Antifade using DPEM-GOD and DPEM-CAT
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Preparation of these samples was conducted in the same manner outlined in Chapter
2. The only differences relative to what was mentioned in Chapter 2 and this assay was
that had to mix up a 1 M solution of MgCl2 . Adding MgCl2 to water produces a highly
exothermic reaction.
The only possible sources of D2 O came from the kinesin, which the stock solution was
not stored in deuterium-depleted water, and/or from the microtubules since the tubulin
was stored in TSB which did not use deuterium-depleted water.

4.3

Experiment and data analysis

The experimental procedure and data analysis of this experiment is nearly identical to the
steps taken in Chapter 3. Below, we outline the experimental procedure since it does differ
from what was done there and is relevant to the discussion.

4.3.1

Experiment

Experimental flow cells for observation were prepared as follows.
1. Prepared a flow cell. Either the type to be sealed with nail polish or the type to be
sealed with cellophane.
2. Incubated the flow cell with 1.0 mg/mL alpha casein in PEM for 10 minutes.
3. During the 10 minute incubation, kinesin was diluted in 0.5 mg/mL α-casein in PEM
plus 1 mM ATP. The final concentration of kinesin used in these experiments was
27.5 µg/mL.
4. After 10 minutes, kinesin was flowed into the flow cell by fluid exchange. The volume
of the flow cell was approximately 10 µL. To ensure that all the fluid in the flow cell
was exchanged, 20 µL of the kinesin mixture was flowed into the chamber. This was
then allowed to sit for 5 minutes.
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5. During the various incubation steps, a new motility solution was prepared for each
assay. The motility assays consisted of:
• 1 µL of PEM-A.
• 1 µL of PEM-Glu.
• 2.5 µL of Antifade.
• 0.1 µL of Taxol.
• Some percentage of either O-PEM or H-PEM.
• The necessary volume of PEM required to make the motility solution a final
volume of 100.1 µL.
• 5 µL of microtubules.
6. After the 5 minute incubation with kinesin, 20 µL of the motility solution was introduced to the flow cell by fluid exchange.
7. The flow cell was either sealed with nail polish or cellophane dependent on which
assay was to be performed.
After sealing the flow cell, the slide was immediately placed on the microscope for
observation. For a detailed description of why used these parameters, see Chapter 3. Briefly,
the camera was set to take images as follows.
• 600 total frames which was approximately 2 minutes total exposure for a single ROI.
• EMCCD gain of 150.
• 100 ms single exposure.
• Frames were taken at 5 frames/second.

D-PEM assay
The same steps to produce the D-PEM assays were taken as was outlined above. Will list
how the D-PEM assay was performed such that possible sources of D2 O can be highlighted.
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1. A flow cell was made and incubated with α-DPEM for 10 minutes.
2. During the casein incubation, a dilution of kinesin in DPEM-αA was made. Added 2
µL of the kinesin stock to the DPEM-αA solution. The final concentration of kinesin
was again 27.5 µg/mL, however, this step gives a possible source of D2 O.
3. After 10 minutes, 20 µL of DPEM-αA + kinesin was flown into the flow cell and
allowed to incubate for 5 minutes.
4. During the incubation periods, a new motility solution was prepared containing the
following.
• 90.5 µL of D-PEM
• 1 µL of DPEM-A
• 1 µL of DPEM-Glu
• 2.5 µL of antifade made from the DPEM-GOD & DPEM-CAT stocks.
• 0.1 µL of Taxol
• 5 µL of polymerized microtubules that were fixed in a solution of 10 µM Taxol
in D-PEM.
5. After the 5 minute incubation, 20 µL of the motility solution was added to the flow
cell.
6. The flow cell was sealed with nail polish and immediately observed on the microscope.
The sources of D2 O from this assay come from the kinesin and motility solution steps.
Presumably, the fluid exchange from the kinesin to the motility solutions removes all the
fluid from the flow cell. If it does, then the only source of D2 O in the assay would come from
the TSB. The tubulin stored and polymerized in TSB is diluted by 200% when fixed with
Taxol after polymerization. Those microtubules are again diluted into the motility solution
by 95%. This leaves an approximate percentage of 0.5% of possible D2 O contamination, or
0.04 mM of D2 O in solution.The maximum possible contaminant concentration of D2 O in
this solution is 20% or 1.6 mM.
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4.3.2

Data analysis

See Chapter 3’s data analysis section for a detailed description of how the data was analyzed.

4.4
4.4.1

Results and discussion
Results

Each slide was observed for a total of 15
fields of view, or about 30 minutes for each
slide. Assays were run at 10% increments of
H-PEM added to the motility solution starting from 0% and ending with 90%. Each
10% increment was then run a total of 3
times. For each slide, only the last 10 fields
of view were kept to compute an average
speed value for that assay. The first 5 data
points were removed due to the increase in Figure 4.8: Graph showing the gliding
speed dependence of microtubules when D2 O
temperature of the slide from room temper- was added to the motility solution.
ature (24◦ C) to the objective at 33.1◦ C. Averaging those 10 data points gave a single data point for the assay. Each assay was then
run three separate times. This gave a total of 3 average velocity data points that were the
accumulation of hundreds of tracked microtubules for a single assay.
Each data point in Figure 4.8 is the average of those 3 speed measurements and the error
bars are the standard error of the mean (SEM). The concentration of D2 O was calculated by
first converting the percentage values of H-PEM used in the motility assay to concentration
values in one mole of H2 O. Next, the baseline amount of D2 O in water was calculated to be
8 mM [Somlyai 1993]. The 8 mM baseline was then added to the concentration of H-PEM
used.
The assay that used D-PEM as the buffer gave a speed value that was indistinguishable
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from the “zero” value that had 0% H-PEM as the solution, 1015 nm/s. This result was as
expected noting how linear Figure 4.8 is.
Exchanging the D2 O for H218 O in the motility solutions also showed a remarkably linear
graph, Figure 4.9. The concentration of H218 O was calculated in a similar fashion as was
the D2 O concentration.

Figure 4.9: Graph showing the gliding speed dependence of microtubules when H218 O
was added to the motility solution.

Data taken with the resealable flow cells that used cellophane as the “sealant” is shown
in Figure 4.10. The small grey markers are the speed measurements for the individual assays
that were conducted. The blue lines are the average speed measurements determined from
those assays using the same methodology described above. The first cluster of data are
speed measurements using no H-PEM in solution. The second is when the 0% H-PEM
solution in the flow cell was exchanged with 90% H-PEM. The third cluster is when the
90% H-PEM was exchanged for 0% H-PEM.
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Figure 4.10: Graph showing the gliding speed dependence of microtubules using the
resealable flow cell. Data was taken using 0% concentration of H-PEM then 90%
concentration of H-PEM and back to a 0% concentration.

4.4.2

Discussion

The linearity of the assays run with D2 O and H218 O are quite remarkable. The decrease
in speed for the D2 O assay is about 21% and the decrease in the H218 O assay is about
5%. The viscosity of D2 O is about 20% greater than H2 O while H218 O is 5% greater than
H2 O. The speed differences measured would suggest (in light of the viscosity numbers)
that we measured a viscous change in the solvent and not an osmotic pressure change. If
viscosity is the cause of the decrease in speed, then these results are quite remarkable as
they indicate that gliding motility speeds can measure small viscous changes in solutions.
More investigation needs to be done in order to fully understand what is happening because
the results may not be due to a viscous effect.
Kotyk et al. [Kotyk 1990] showed that ATP activity was not affected by the addition of
D2 O using yeast as the test subject. Our data would suggest that ATP activity of kinesin
is also not affected by the addition of D2 O. If ATP activity was hindered by the addition
of D2 O then would have expected to see slower speeds than what measured using D2 O. We
did not make any measurements using less than the 1 mM ATP in the motility solutions so
ATP hydrolysis was never the rate limiting step.
The use of nail polish as the flow cell sealant has been debated in our lab before. We
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use it because it is convenient and it works well. We have seen and heard of others using
hot wax as the sealant and or even using glycerol. The data where cellophane was used
as the flow cell sealant, shown in Figure 4.10, show that using nail polish as the sealant is
completely acceptable since the first cluster of data points gave speed measurements that
were similar to those done with nail polish.
Figure 4.10 also shows that speed measurements using 90% H-PEM do not damage the
system. The speed difference between the two 0% H-PEM washings is odd, however, and
can probably be explained by not removing all the D2 O in the flow cell. Since the flow cell
was washed with only 2 sample volumes and there may be a change in measured speeds if
more sample volumes were used in the washing.

4.5

Conclusion

The goal of this experiment was to investigate the kinesin and microtubule system using
different isotopes of water. Our initial thought was that by changing the water, we would
change the osmotic pressure of the system. The data show that changing the isotope of
water used in the motility assay caused the gliding speeds of microtubules to change in a
manner for which we have not yet been able to determine a suitable explanation or model
for.
Also noted is that using nail polish as the sealant for flow cells does not change the
speed at which microtubules glide at; nor does using D2 O damage the system.

4.6

Future work

In order to measure osmotic pressure changes can use two different osmolytes in the gliding
motility assay that have very different viscosities. For example, glucose has a high viscosity
as compared to betaine. Betaine is an osmolyte that cells use to change their osmotic
pressures. In order for betaine to have the same viscosity as a solution of glucose, would
have to use a lot more betaine than glucose. The concentration difference of glucose and
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betaine in the gliding motility assay would mean that the two solutions would have different
osmotic pressures. It will be interesting to see if can measure speed differences using two
solutions with different osmolyte concentrations that have the same viscosity.
Finally, in order to ascertain if the speed differences measured using the resealable flow
cell after washing with H-PEM is due to D2 O contamination, could redo the experiment
except with a lot more fluid exchange than just two sample volumes.
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Chapter 5
Open science
5.1

Introduction

This chapter will talk about my experience with the
growing movement that is pushing science into the
open. I will not discuss the pros or cons of open science in this chapter as everyone will have their own
opinion on the subject. I will only briefly outline below some success stories I have encountered in using
open science and some of the pitfalls that.

5.2

What is open science?

I cannot think of a better way to describe what open
science is than what Dr. David Gezelter, Associate
Professor at University of Notre Dame, said about it
in a blog post. He defined it as four simple ideas.
1. Transparency in experimental methodology,
observation, and collection of data.

73

Figure 5.1: Open access logo.

2. Public availability and reusability of scientific
data.
3. Public accessibility and transparency of scientific communication.
4. Using web-based tools to facilitate scientific
collaboration.
The transparency in methodology, observation, and collection of data using web-based
tools is easily accomplished using services similar to OpenWetWare, which is a provider of
open notebooks. Open notebooks are web-based notebooks that are completely open to the
public for viewing. They are just like paper notebooks in that you write in your notebook
what you have done in the lab except that in a web-based open notebook, you can embed
videos, pictures, and links very easily. You can embed images and links in a paper-based
notebook via the tape it in the page method, however, you would have to make a flip book
in order to embed a movie in it.
There are many different formats for doing open science that facilitate scientific collaboration and one such method is open notebook science. Dr. Jean-Claude Bradley from Drexel
University coined the term “open notebook science” and has set up a challenge with Dr.
Andy Lang from Oral Roberts University to have scientists measure solubilities of chemicals
in organic solvents. This broad-based challenge has been met by many scientists and their
findings can be found on the ONSchallenge page.
Another form of open science that facilitates collaboration and transparency of scientific
communication is communication through online forums. Friendfeed hosts one such forum
where many open scientists go to talk about discoveries or scientific musings. It is through
this forum that I have had the honor of meeting many different scientists, including Dr.
Bradley, Dr. Bill Hooker, Graham Steel, and too many others to name.
Public availability and accessibility of scientific data is complicated because there does
not exist a standard for the dissemination of data. Nor is there a repository for collecting
data that can be viewed publicly. I will discuss some of the advances made here at the
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University of New Mexico in an attempt to create a repository for data. I will also discuss
in this chapter other web-based services that have taken the initiative to start hosting
scientific data.

5.3

Getting scooped

There are some researchers who would argue that putting data in the open will get you
“scooped”. I have heard many of these arguments but I have yet to hear one that can
counter this example given by Dr. Rob Olendorf who is a collaborator and a library scientist
here at UNM. Dr. Olendorf likens open science to red winged black birds that he studied at
artificial ponds ([Olendorf 2004a], [Olendorf 2004b]). The birds will set up a community at
these artificial ponds where they define territories and select mates. If a bird neighboring
another bird decides to cheat on its mate with the neighbor, it will irritate the entire
community of birds around the pond and keep other male neighbors from cooperative nest
defense with the cheater. This analogy can extend to the open science community. If an
open scientist discovers that data published openly is being misused, it is sure to cause a
scene in the community. The scene will more than likely be caused because of how open
scientists communicate, which is through online forums. A perfect example of this is the
response generated when the online community discovered that some journals are willing to
charge you extra for “expedited” review. This online feed led to an openly-editable protest
letter against the “fast-track” fees.

5.4
5.4.1

Open science experience
Open notebooks

I feel that open notebooks or even electronic notebooks in general are preferable to paper
notebooks in that they are accessible from anywhere there is internet access. Private wikibased notebooks are available that maintain a level of security to projects if an open-based
notebook is not an option. See the project by Galois [Galois] for an example. The ability to
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access information done in a lab from anywhere is very beneficial and has aided my research
quite a bit. Since my notebook is open, a simple Google search reliably returns information
that I put in it just by using simple search terms.
The use of an open notebook does come at a cost, however. Since this is web-based
technology; servers can crash, someone can forget to pay the bill, and/or data can be
inadvertently lost if not redundantly backed up. I have not experienced a server crash,
but I have experienced other infuriating issues with this technology. One case is when the
browser crashes. If one does not continuously save pages written in the wiki, then they can
be lost due to a browser or system crash. This is not a problem when using a paper-based
notebook.

5.4.2

Online technology

I cannot discuss open notebooks without discussing the myriad of other web-based technologies used in conjunction with the notebooks. These things include BenchFly, YouTube,
Google, Scribd, Instructables, and many others. This many others is actually problematic
as there is no standard in how scientific information is disseminated. Some services such as
Flavors attempt to bring all online content that users make into one single webpage that
is easily accessible and navigable. This type of online content aggregation is called a “life
stream”. Unfortunately no such service exists for scientists that are doing open notebook
science. This means that the scientist is left with trying to coerce the available web-based
applications to do what one needs in order to publish data openly. This is just indicative
how young the area of web-based open science is, and I hope it changes in the future.
The storage and user readability of data from experiments can be a very complicated
subject. Every experimenter uses shorthand and abbreviations in their experiments. Those
notes may be easy for the experimenter to read but, they are basically gibberish to someone
that is looking at the raw data from an experiment for the first time. Dr. Koch and I have
been collaborating with Dr. Olendorf in order to see if we can use the library system here
to store scientific data at an institutional level. Dr. Olendorf is programming an automated
XML tagging system that will allow the raw data I take (mostly images) to be tagged with
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user readability in mind. The tagging is similar to the meta data used for mp3s. We are
basically pushing the limits of storage and usefulness of scientific data at UNM with this
project since just one of my experiments can produce 1 TB of image data. Storage and
transferring of data become big obstacles for openly disseminating data in the TB regime
and we are working on solutions to host the data efficiently.
Other web-based applications that can disseminate data not at the institutional level
are also helpful. I have spoken to Dr. Alan B. Marnett, founder of BenchFly about the
possibility of using his service as a way to host image data. Hosting image data on BenchFly
is a very natural evolution to the site’s purpose and Dr. Marnett was excited about the
possibility for hosting the data. Unfortunately the cost of uploading greater than 1 TB of
data has been an issue.
I will not discuss the advantages or disadvantages of using an institutional data hosting
service compared to a cloud-based one, i.e. BenchFly. I believe that both are essential to
the dissemination of data because one is designed to be archival (the libraries), while the
other is designed to be easily navigable by users.

5.4.3

Open data sharing

Before speaking to Dr. Marnett from BenchFly, I uploaded videos of data to YouTube.
Doing a simple search on Google using the key terms “gliding motility assay” will bring up
several movies showing data I took. That data led to Dr. William Saxton and Dr. Josh
Deutsch, both professors at UCSC, to ask Dr. Koch if they could obtain the data in the
movies. Of course I was extremely happy to give the data to them. The gliding motility
assay data I took was designed for a specific purpose, trackability. This was so that I could
the take speed measurements discussed in Chapter 3. Microtubules that exhibited motion
that was circular, were not tracked for my purposes, however, the data did have some
microtubules that did exhibit this circular motion. It turns out that the circular motion
is what Dr. Saxton and Dr. Deutsch were after. Stuck microtubules have been shown to
mix the insides of fly eggs [Serbus 2005] and Dr. Deutsch, his student M. Brunner and Dr.
Saxton [Deutsch 2011] came up with a model describing this motion. The data I took that
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was used in their study is well beyond anything I or Dr. Koch could have imagined since
before our interactions with them, we had no idea that this area of research existed.
Not only did they use it in their paper but, Chapter 2 of this thesis was used to get Dr.
Saxton’s group started with gliding motility assays. Gliding motility assays are not easy
and I have seen them fail for inexperienced researchers almost every time they attempted
them. Dr. Saxton’s student, Corey Monteith, read my rough (and I mean really rough)
draft of Chapter 1 and was able to get the assay working in their group. Having a common
language, outlined in Chapter 2, expediated my suggestions to Corey in order to debug the
assay. This is a major advancement for their group because what took me nearly a year to
perfect, Corey was able to do in a month.

5.5

Impact

In science we talk a lot about impact. Unfortunately the way we define impact is based
on the “prediction” of impact. For a discussion about impact factor by a major player
in the open science community, Dr. Cameron Neylon, see his blog entry on the subject
[Neylon 2010].
Impact of open science does not have the same metrics as more traditional science. In
fact, the metrics for open science impact are not agreed upon yet. For instance, I personally
have zero impact in science using the old metrics. I have spent years as a scientist and using
the old metrics, I have nothing to show for it. If the traditional definition of impact carried
imaginary numbers, I probably would have a negative or imaginary number associated to
my name. But, I have contributed to open science. Some of that contribution comes in
the form of simple 3D renderings of optomechanics I made using a freely available program
from Google called SketchUp. This allowed me to build models of very complex optical
systems very easily as can be seen in Figure 5.2.
The SketchUp community, with no influence on my part, decided to make an optomechanics section in the 3D warehouse with the models that I uploaded. This may seem
trite to a traditional scientist, but a simple search for “optomechanics” in the warehouse
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(Movie of the Fluorescent Schlieren Microscope.)

Figure 5.2: Click here to view the movie via YouTube. Click the movie to play, press P
to pause. Movie of the Fluorescent Schlieren Microscope I built in Jim Thomas’s lab.
produces a lot of models that can be downloaded freely in order to design optomechanical
systems.
Laboratory research necessitates that the researcher be a maker. A maker is someone
that makes something, be it a carrot cake, see Figure 1, or an optical tweezers. A vast
community of makers exists that most scientists do not know about. I have recently started
posting things to the maker community via posts to a site called Instructables. Those
posts include how to build an objective heater, a laser shutter, a hot plate/stirrer and the
assembly of a diode laser. Conducting Google searches using the terms objective heater or
laser shutter consistently place my posts in the top 10 results found. These contributions
have no “traditional” impact yet they are useful. In order to make open science impact
something tangible, we need to have some sort of metric system in place.

5.6

Conclusion

The last item I did not discuss from Dr. Gezelter’s statements about open science is
communication. In reality, closed or open, the only way to push science forward is to
communicate. The form of communication can vary as it may mean talking to a person
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not on the project (but has security clearance), or posting scientific musings and questions
to online forums. Open scientists may have it easier than closed scientists do since there
exists forums to communicate openly about science.
Open science does have its problems when it comes to where or how to post data and
information and how to determine its impact. The pitfalls of hosting data will ultimately
work itself out if there are enough scientists like Dr. Rob Olendorf and Dr. Alan Marnett
who are interested in making scientific data archival and available. Impact will be defined
once a metric is established. Even with its current problems, open science is evolving and
will not disappear.
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